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PREFACE 


Over the years the need for ‘a comprehensive book on Semiconductor 
Devices dealing with both Physics and Technology that can cater 
for the needs of students of various categories has been felt. The 
present book aims at fulfilling the requirement. It starts from the 
basic physics, stresses on the semiconductor principles and on the 
devices. It is meant as a textbook on device and technology: for 
the undergraduate and first year Master level students. Students 
desirous of higher studies on semiconductor devices, technology or 
integrated circuits needs a groundwork which the present book 
can provide. 


This book may be recommended for one semester course work 
with a little selection of articles done by the teacher. Study 
questions and reading references are included at the end of each 
chapter, Hints or answers to some of these are also given. According 

ito the need of the class, the device physics or technology may be 
emphasised by appropriate selection of these articles. 


A book of this kind owes much to the publications of previous 
authors, These are duly acknowledged at the end of each chapter, 
Particularly for diagrams and standard results the author acknow- 
ledges gratefully the help he received from the following books : 


The Physics of Semiconductor Devices by S.M. Sze. 


Topics on Solid State & Quantum Electronics of John Wiley 
& Sons Inc. 

Laser Handbook (Vol. I) by F.T. Atecchi & F.O. Schulz- 
Dubois of North Holland Publishing Company and the publica- 
tion organisations of the IEEE, USA. 

IEE Stevenge ; Herts Bell Laboratories, Pergamon Press Ltd., 
The Institute of Physics, Bristol. 


The author is grateful to Dr. N.K. Mishra of the Department 
of Physics and to his colleagues at the Department of Electronics 
and Electrical Communication Engineering particularly to Prof. 
N.B. Chakraborty, Prof. S.K. Lahiri, Prof. S. Rakshit, Prof, D. 


(iv ) 


Bhattacharya & Dr. Swapna Banerjee of the Indian Institute of Tech- 
nology, Kharagpur for reading and correcting parts of the manuscript. 
He is thankful to Mr. B.R. Laha for his competent typing and to: 
Mr. M. Bose for his patient draftsmanship in the preparation of the 
manuscript. The author expresses his sincere appreciation of the 
efforts of the publisher in publishing the book in a neat and 
attractive form. 
1st. January 

1990 s 

Kharagpur : N. R. Sinha Ray 


India 


To 
my Mother 
who inspired me in writing this book 
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Chapter 1 


CRYSTAL STRUCTURE 


Materials in solid state can be broadly classified into two groups— 
crystalline and non-crystalline or amorphous, While atoms or 
groups of atoms are arranged in regular three dimensional order in 
crystalline state, in non-crystalline or amorphous state, they are in 
random fashion without any long range order in the arrangement. 
Metals, alloys and many other inorganic and organic solids are 
crystalline. Glasses, plastics and many organic solids are some 
examples of amorphous materials. The knowledge of atomic arrange- 
ments in solid’ materials is essential for understanding the basic 
principles of solid state devices. Crystalline materials have a major 
role in fabrication of solid state devices and it is, therefore, felt 
necessary to describe the crystal structures in short in the beginning. 


1.1 Crystals and their Classification 

Atoms or groups of atoms ina crystal are arranged in a. regular 
order in three dimensions and it is always possible to choose a unit 
parallelopiped which can be moved in certain directions by some 
fixed distances such that the atoms or groups of atoms find themselves 
in identical surroundings. Hence, we define three primitive transla- 


tional vectors a b, ¢ coinciding with the three edges of the parallelo- 
piped and define such a translation as 

> > > > 

rp=P14 + Pad + Pat oe (1.1) 
where p,, Pa and ps are integers. The points defined by the vector 


Ty are called lattice points and the assembly of these points is called 
a space lattice. The vector lengths a, b, c are chosen such that one 
obtains the highest symmetrical parallelopiped called the primitive 
cell having lattice points only at the corners. 
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It is often convenient to find Unit cells which are larger than 

the primitive unit cell and suited more to match the details of the 

crystal structure. In such a unit 

cell, besides the corners, atoms 

can occur at the centres of certain 

faces or at the centre of the 
‘ volume. 


c 


If now new vectors a b, ? 
R a define the sides of the unit cell, 
b the crystals can be classified 
Y into seven systems, depending on 
the relative dimensions of a, b, c 
and the angles included between 
them a, 8, y as shown in Fig. 1.1.1. 
a P They are: (1) triclinic, (2) 
Fig, 1.1.1 shows the Unit cell vectors monoclinic, (3) orthorhombic, 
(4) hexagonal, (5) rhombohedral, 
(6) tetragonal and (7) cubic, As shown in Fig. 1.1.2 (a) and (b), the 

different systems are described as : 

(G) c<gach argy x 90° Triclinic 
(ii) c < a while b is arbitrary and a= y= 90° 
B * 90° Monoclinic 
(iii) c<a<b a=f=y=90° Orthorhombic type 
(iv) a=b c arbitrary, a= g =90° ; y =120° Hexagonal 

(v) aebec amp=y x6 90° Trigonal or Rhombohedral 

(vi) a=b Ac a=Bsy=90° Tetragonal 

(vii) a=bec a=g=y=90° Cubic, 


s 


In this case, the translation of unit cells form the space lattice, 
and the space lattice is called (i) simple if the unit cell has got 
lattice points only at the corners, (ii) base centered if it has lattice 
points at the centres of a pair of opposite faces, (iii) face centered if 
it has lattice points at the centres of all the faces and (iv) body 
centered if it has lattice points at the centre of the body. This yields 
4x7=28 possible classes. But not all of these are necessary to 
classify the crystals ; only 14 of them are adequate. This is because 
the rest can be grouped in either one of the above 14 categories with 
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a redefinition of the unit cells. These fourteen Bravais lattices, as 
they are called after the name of their discoverer, are illustrated in 
Fig. 1.1.2 with some examples. These are: (1) Simple in triclinic ; 
(2) Simple and (3) base centred in monoclinic ; (4) Simple ; (5) base ] 
centred ; (6) face centred and (7) body centred in orthorhombic ; 


PH y9 CuSO. SIMPLE a =y=90,6+90° BASE CENTERED 
ap ke 4 kacro7 ANTHRACENE c€ 0,b ARBITRARY P- SULPHUR 
4. TRICLINIC (SIMPLE) 2, MONOCLINIC 
JASE CENTERED FACE CENTERED BODY CENTERED 
ste A ACID SULPHATE 
a afp=y=90" ctocb . a -SULPHUR 
aspa 290 
Ne-NEPTUNIUM 
3, ORTHORHOMBIC 
(a) 
é ; fe BODY CENTERED 
anbecyaxie Hg 77" 
Cupt,sm,Ga PROTACTINIUM 


‘SIMPLE 
INDIUM asbyc „ARBITRARY 
aspa yas 


5 RHOMBOHEDRAL(SIMPLE) 6 TETRAGONAL 


BODY CENTERED FACE CENTERED, 


a=fe, CSC,W,Cs Cu, Ag, Au, NI, NaCI 
SIMPLE 
i 90" 
er Papo Nee) aieea 7 CUBIC a+b=c 
(b) 


Fig. 1.1.2 (a) and (b) shows the fourteen bravais lattices 
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(8) Simple hexagonal ; (9) Simple rhombohedral ; (10) Simple and 
(11) body centred tetragonal ; (12) simple; (13) body centred and 
(14) face centred cubic. 


1.2 Miller Indices 


The common practice to specify planes of a crystal is to use the 
so-called Miller indices. ` Let us assume that a crystal plane intersects 
the axes of the crystal at points n,a, n,b and ngc where a, band c 
are the sides of the unit cell and n,,n,,n, are numbers (fractional 
or integral) defining such lengths measured from the origin. The 
plane can thus be specified with the help of a set of integers (h, k, /) 
given by (p/n,), (p/n), (p/n,) respectively were p is the smallest 
integer for which all these three numbers are integral. Some 
examples are shown in Fig. (1.2.1a). One can also define directions 
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(170),1- 160 Ci1)s11-1 ol = 101) 


Fig. 1.2.1. (a) Some of the important planes in cubic crystals 


1 a crystal by the same Miller indices and write [Akl] as the direction 
perpendicular to plane (hkl). For hexagonal lattice it is customary 
to use the Miller indices in four numbers with the c axis as [0001] 
direction. The third axis a, is as shown in the Fig. (1.2.1b). A 
typical plane is shown in Fig. (1.2.1b) in the hexagonal lattice in two 
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notations. The intercepts. are n,=1,n,=1,c=1 for (111) plane in 
the former, while n, =1,n, <1 and n, = —} and c=1 for(1121) in the 
scheme of four axis notation. i 


Fig. 1.2.1 (b) Hexagonal lattice a, =a, = a, yn =], mæl 
The plane shown has intercepts at J n,=-4,¢=1 


In crystals, atoms' can be regarded as closely packed hard 
sphéres. “This dense packing requires ; for a planar arrangement ; 
six neighbours surrounding one central sphere. So, packing a second 
layer on top of the first layer requires placing the second layer 


Fig. 1.2.1 (c) shows the position of the third layer atoms 
at crossed position for AB AB packing and at circled 
(o) position for ABC ABC packing 
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of atoms on the holes, of the first layer. This leads to utilisa- 
tion of only half of the number of holes (voids) :of' the first layer 
since parts of each alternate void of this layer remain as’ holes of the 
second layer as indicated in Fig. (1.2.1c) by small circles. It can be 
shown that the separation between two consecutive layers is R. 8/3 
(where R is the radius ofthe spheres), 


Next, a third layer can be placed on the second layer in two 
ways. Either the third layer atoms can be positioned on the holes 
of both the first and second layers or they can be placed on the 
alternative holes of the second layer. In the later arrangement, the 
third layer of atoms get placed directly above the first layer of atoms 
as shown by crossed (x) positions in Fig, (1.2.1c). In contrast, the 
circled (0) positions indicate the positions of the shared holes of the 
first and second layers and these are the positions of the atoms 
of the third layer in the former arrangement. If the third layer 
occupies the shared holes of the first two layers, then the fourth 
layer comes directly above the first layer of atoms. Thus, two 
basic types of atomic packing are obtained for close packing which 
are designated by. the letters. A, B and Cas ABAB+. and ABC 
ABC +, The former AB AB packing is called the hexagonal close 
packing while the latter {arrangement gives the cubic close packed 
structure as in face centered cubic (f.c.c.) crystals. 


If, on the other hand ; instead of six, the first layer of atoms 


DIAMOND ZINC BLENDE 


Fig. 1.2.1(d) Two important unit Cells, note te position of 
four typical gallium atom in zinc blende structure 
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has four nearest neighbours ; where, on the holes of the first layer the 
second layer of atoms are placed, the holes of the second layer 
occur directly above the first layer atoms. In this case. the third 
layer of atoms get placed directly above the first layer of atoms. 
This arrangement gives the body centered tetragonal (b.c.t) structure. 

The semiconductors that are widely used are Si, Ge, and GaAs. 
Si and Ge have got the well-known diamond structure. In this 
structure two interpenetrating face centered cubic lattices are 
displaced by one-fourth of the body diagonal. In the case of GaAs, 
one of the sublattices is formed by Gallium atoms, hence the structure 
has a different name which is Zinc blende structure, otherwise, it is 
like silicon. These two types of unit cell are shown in Fig. (1.2.1d). 

For crystal bonding, defects and dislocations—the reader is 
required to consult the following references : 


References 

1. Electronics of Solids: W.R. Beam, 1965, McGraw Hill 
Inc, 

2, Solid State Physics: A.K. Dekker, 1960, McMillan and 
Co, Ltd. 

3. Solid State Electronics: W. Wang., Int. Student Edition, 
1966, McGraw Hill Book Company. 


Problems 

1.1. -Show that the direction [hki] in a cubic crystal has direction 
cosines (hjr), (k/r) and (l/r) where r°=(h° +k? +1?). 
Hint: (start from cos*a + cos*p+cos*y=1), while (d/n,a) = 
cos a etc.. Where d. is the perpendicular distance form the 
origin. to the (hk) plane, hence show r=(ap/d). where a is the 
unit cell dimension, so cos a= (hr). 

1.2,. Show that the plane (hkl) in a cubic crystal is at a distance 
(ajr) from the origin where a is the unit cell dimension. ; (Use p 
equal to unity in r=(ap|d) of problem 1 above). 


1.3. 


1.6. 


SEMICONDUCTOR DEVICES 


Find the distance between two nearest parallel planes for a 
cubic crystal corresponding to the planes (100), (110), (111) 
and (112). 

[ Ans. a, a/4/2, a/ J3, al v6] 

Calculate the distance between nearest neighbours in terms of 
unit cell dimension a in Si and GaAs. In which way are these 
neighbours of GaAs different compared to those of Si ? 

[Ans. (a. /3/4), a, /3/4] 

Find the number of atoms per cm? in the (100) and (111) 
Planes in face centered cubic crystal. where the unit cell 
dimension a is in angstroms, 

[ Ans, 2x 10*°/a®, 4x 10**/ /3.a? since the lengths of the 
diagonals of faces is /2.a while the (111) plane intersects these 
diagonals at mid-points, joining these mid-points gives another 
equilateral triangle each corner of which carries sixth of an 
atom within. The side length of the equilateral triangle is 
a} /2 ; hence the second answer follows. ] Y 


Find the angle between (100) and (111) planes ; (111) and (721) 
plane. i 
Hint: Dot product of two unit vectors gives the cosine of the 
angle such as for the later pair i 

GI J3 +5] J3 + k| V3) (= il J3 +j] J34K/ 3) =H 
[ Ans. 54° 44’ and 70° 3X ] 
In the diamond structure see that each basic unit can be 
regarded as having four atoms situated at the corners of a 
tetrahedron formed by each of the cubes corner atoms with the 
three at the centres of faces. There are four atoms displaced 
quarter of body diagonal from the four typical corners, 
Assuming that these atoms touch the corner atoms, find the 
ratio of the volume occupied by the atoms to the total 
volume of the cube. 
Hint : The side edges of the tetrahedron are a/,/2. The dis- 
tance of the displaced atoms from the corner atoms are a./3/4, 
Find the atomic radius. Each of cubes corner atoms are shared 
by eight cubes, face centre atoms are each shared by two cubes 
and the four typical atoms are unshared ; hence find the number 
of atoms per cube equal to 8 and the Tequired ratio as x /3/16. 
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1.8. 


In f.c.c. and hexagonal closed packed h.c.p. structures there 
are two types of holes in each structure. Between a corner and 
three face centre spheres packed in a tetrahedron there are 
tetragonal holes and between six spheres packed in an octa- 
hedron there are octahedral holes. Find the maximum radius 
of interstitial atoms that can be accommodated into these holes 
expressed as fractions of parent atoms radius in each case. 

[ Ans. f.c.c, tetragonal {(./3/2)- 1} same as h.c.p. tetragonal 
and octahedral ( /2-1) same as h.c.p. octahedral. 

Hexagonal closed packed structures hole locations are (1/3, 2/3, 
1/4 and 1/3, 2/3, 3/4) for octahedral sites and for tetrahedral 
sites (0, 0, 3/8), (0,.0; 5/8), (7/3, 1/3, 1/8) and (2/3, 1/3, 7/8). ] 
How many ‘tetragonal holes and octahedral holes are there 
corresponding to each ‘unit cell including the shared ones in 
problem 8 above ? 

Hint: One full octahedral hole is formed by six face centre 
spheres while there are twelve octahedral holes having one of 
the sides as body diagonal that are shared by four neighbouring 
unit cells ; hence in f.c.c. 4 octahedral. Similarly, 8 tetrahedral. 
In h.c.p. 4 tetrahedral and 2 octahedral. 


Chapter 2 


SEMICONDUCTOR PHYSICS 


2.1 Semiconductor Device Principles 


The first topic in any discussion of semiconductor devices should 
be the materials out of which these are fabricated. It is the physical 
properties of these materials as influenced by external agencies that 
are utilised in the working of a device. The most important physical 
property is the electrical conductivity either of the bulk material, 
of the surface of a material or a junction or junctions of materials 
which is profitably controlled by external agencies like electro- 
magnetic radiation, electric field, magnetic field, pressure, tempera- 
ture singly or in combination, In almost all devices, the 
electrical conductivity is controlled. The conductivity of different 
semi-conductor materials ranging from grey tin to diamond 
varies over many orders of magnitude ; probably 108° or so. 
Therefore it is worth enquiring as to what does determine 
this conductivity, 


2.2 Electrical Conductivity 


It is known that the charge carriers viz, electrons in atoms can 
have discrete energies, If they are excited, the electrons can jump 
from one energy level to another but cannot have energies in between 
these definite values. When such atoms arranged in a regular order 
make up the crystal, coupling between atomic orbits occur as shown 
in Fig. (2.2.1a) resulting in broadening of these discrete energy 
levels into bands as shown in Fig. (2.2.1b), Depending on the atomic 
spacing and the farthermost occupied orbital electron number in 
some crystals; the last occupied band becomes continuous. This 
is because, coupling causes splitting of an orbit into N numbers 
where, N is the number of atoms that have got coupled orbit and the 
next higher energy orbit has got more coupling, hence more splitting 


= 
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occurs. So the gap between the discrete orbits of the uncoupled 
atoms decreases on coupling, Thus coupling can give rise to conti- 
nuous bands for higher energy orbits, If the last occupied band is 
continuous, the electrons move around from one atom to the other 


Fig. 2.2.1 (a) shows coupling of energy orbits , 


Core 


Fig. 2.2.1 (b) shows coupling of energy orbits resulting in energy bands 


even at very low temperatures and such materials are the metals, 
while there can be materials in which at very low temperatures, the 
last occupied. band (the valence band) is completely full of electrons, 
These are the so-called crystalline* insulators. Though in such 


a es 
* The word crystalline is used here to exclude the amorphous materials from 
this discussion. 
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a ‘material electrons can move around from one atom to the other, 
unfortunately no net quantum of energy can be transferred by external 
electric field to the electrons of the crystal. 


But depending on the closeness of the next higher energy band, 
corresponding to the next higher energy orbit of the isolated atom, 
there will be a temperature above which such a material will donate 
some appreciable number of electrons to the next higher energy 
band (the conduction band). Here now continuous energy change of 
electrons would be possible and the material would exhibit conduc- 
tivity ; due to electrons gaining energy in small quantities and so 
continuously in the conduction band. 


The rest of the electrons in the valence band can now gain 
energy continuously since some energy seats have fallen vacant thus 
in effect showing the motion of the empty energy seats hence of 
empty spaces, which show up as positive particle conduction (known 
as hole conduction) phenomena. These are the materials known as 
semiconductors. Therefore in an ideally pure semiconductor the 
number of electrons (n) per c.c. that take part in electrical conduction 
is equal to the number of holes (P). These are called the intrinsic 
Semiconductors and so in an intrinsic semiconductor n=p=n, per 
C.C., where zi is the intrinsic carrier concentration. This conductive 
property is obtainable in both elemental (Si, Ge) semiconductors as 
well as compound semiconductors (GaAs, InSb, CdS etc.) One 
would also expect from the nature of origin of the intrinsic carrier 
concentration that its value is largely dependent on the gap between 
the lowest energy of the conduction band and the highest energy of 
the valence band, called the band gap of the material as also the 
temperature so also pressure. 


When we think of the details of the energy bands and the 
motion of particles therein for a three dimensional crystalline struc- 
ture, the thing becomes quite involved. In that a particular group of 
particles moving with a particular momentum (hence direction) will 
find the nuclei on their wayside more often than in another direction 
(another momentum). Also particles having a particular energy will 
penetrate nearer the nuclei than one having less energy in the same 
location and moving in the same direction, When we apparently 
ignore these facts of detailed particle motion and try to interpret the 
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effect of the application of external electric field on their somewhat 
freeness ; implies ignoring the internal microscopic forces which 
are sometimes helping the externally applied electric field of force 
(thus such particles may be expected to exhibit lighter particle mass) 
or are sometimes opposing (thus exhibiting a heavier particle mass) 
depending on the location, momentum and energy of the particles 
in question, 

If one tries to interpret this motion in terms of classical laws 
of motion such as 


2 
Evotat =Epotential + Bxinetic = Ey + a s+ (2.2.1) 


where E, refers to the potential energy and p the momentum, then 
we need to find the detailed nature of E, or how p, the particle 
momentum changes ; also how the mass can vary with location. 


2.3 Mathematical formulation of particle motion (Band Theory) 

The atoms in a crystalline lattice are arranged in a regular order. 
So let us examine the microscopic aspects of the space through 
which the charged particles flow. For that matter let us at present 
assume that the atom cores are at rest. The central mass of the 
atom is positively charged and hence there is an electrostatic field 
around each atom, The energy of an electron is negative in this 


field and is equal to - 19 where Q is the total nuclear charge, g the 


electron charge and r is the distance of the electron from the centre 


N 


Fig. 2.3.1 (a) Potential energy around an isolated atom core 
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of the nucleus. This energy is zero at large distances from the atom. 
We are ignoring the effect of other electrons for simplicity. There- 
fore the microscopic variation of potential energy round an atom 
could be as shown in Fig. (2.3.1a) rotated round YY’ axis. The 
potential energy of an electron in an unidimensional crystal would 
therefore vary from point to point as shown in Fig. (2.3.1b) provided 
we ignore the effect of other electrons. 


ae 


Fig. 2.3.1 (b) Potential energy of an electron in an unidimensional crystal 


E pot 


If the influence of other electrons are taken into account this 
potential energy variation would be more complex. Nevertheless 
since the atoms or atom groups of the same crystal are alike, there 
would exist periodic variation of potential in all directions while this 
period will, in general, be different in different directions, It will be 
noticed from Fig. (2.3.1b) that an orbital electron such as one at ‘a’ 
would find a potential energy height (V,-E) required for going to 
the next atom. Therefore, the problem is to find whether an electron 
having an energy E can surmount a potential energy barrier (Vo -E) 
and move from one atom to the next and so on. To treat this 
problem a simple model of linear chain of atoms is used, known as 
the Kronig Penney model (cf: 2) where the potential energy variation 
is assumed to have a square wave type of variation as shown in 


x=0 
Fig.2.3.2 Idealised model of periodic potential energy variation 
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Fig. (2.3.2). The electron having energy E is confined in one of 
these wells which has an energy height Vo. According to the classi- 
cal mechanics it is not possible for the electron to Surmount the 
barrier since E<V,. But it is known that according to wave 
mechanics the electron is regarded as a wave where the wave ampli- 


uta 
tude y describes by J y.y*dx, the probability of finding the elec- 


+ 
tron between a to a+d, while f y.y*dx=1 states that the electron 


co 
is somewhere present. In this wave formalism the particle 
momentum is 


p- E =īk ve (2.3.1) 


where k is the phase factor of the corresponding plane wave 
exp Lit -kx)), 


that is ka? and h=2nk ws (2.3.2) 


Existence of the electron in the crystal implies that the electron 
has to stay as superposition of many plane waves, i.e., a wave group 
where the group velocity will be the corresponding particle velocity. 
Hence one has to enquire whether at least one plane wave solution 
of the corresponding wave equations is possible in the two regions 
0<x<a and -b<x< 0, so that such plane waves can form the 
wave group. In this enquiry the wave amplitude continuity at 
boundaries and periodicity, i.e., amplitude continuity after one 
period are invoked. From this consideration* one obtains that 


*The wave equation for a region is a second order differential equation 
(cf. problem 2.3) in terms of the particle potential energy of the region. 
There are two types of regions (cf. Fig. 2.3.2) having potential energies Vo in 
regions like 0 <x < a and zero in regions like -b <x < 0. Hence we have two 
differential equations one for each region. Each of these differential equations 
can have a solution that will, in general, have two constants. Hence we have two 
stich solutions each containing two different constants in general.. But we need 
one wave solution. Hence, the wave (1) amplitudes and (2) their slopes for the 
two solutions must be”same at each boundary of the two types of regions 
mentioned above. Moreover, if the solution is to be an unattenuated wave sińce 
of necessity one plane wave solution must exist (if the solution is to exist) for the 
mode of description chosen, the wave (3) amplitude equality (i.e:, periodicity and 
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there would have a solution i.e., the electron can stay in the crystal 
as an unattenuated wave provided the equation (2.3.3) is satisfied 


iS sinh Bb sin Aa + cosh Bb cos Aa=cos k(a +b) 
see (23,3) 
where B*-2” (Vo =E) and Aroma wes (2.34) 


To easily visualise the implications of equation (2.3.3) in which V,b, 
which is a measure of the bondage of the electron to the particular 
nucleus is kept fixed while b is allowed to tend to zero giving 


m(Vob)a sin Aa 


Rs TAa * 008 Aa=cos ka s+ (2.3.5) 
Let "Vba M «i (2.3.6) 
n 
and equation (2.3.5) is written as 
M As +cos Aa=cos ka . +s. (2.3.7) 


Note from (2.3.4) that A? stands for the total energy of the electron. 


The maximum and minimum limits of the right-hand side of 
equation (2.3.7) are +1. Hence for a certain value of M one can 
draw the left-hand side versus (Aa) to obtain Fig. (2.3.3) which clearly 
shows that equation (2.3.7) can be satisfied provided (Aa) and hence 

particle energy has got values in certain ranges called allowed Tanges 
and the electron and hence the wave will not stay in the crystal if 
the particle energy falls in the forbidden Tanges. 


The conclusions that we draw from Fig. (2.3,3) are 


(1) The energy range consists of allowed and forbidden regions in 
succession, 


(2). The width of an allowed tange increases with increasing enrrgy 
or Aa ; this is because the amplitude of the first term of equation 
(2.3.7) decreases with increasing (Aa) on the average, 


(4) continuity after one period of the periodic potential energy must hold between 
the solutions for the two types of regions. That is for solutions one Period apart 
at a typical type of boundary the. two types of wave, amplitudes equality and slope 
equality must hold. Hence, we see that there are four Conditions to be satisfied 
by the two solutions, when we have four linear equations containing four constants 
(cf, problem 2.6). 
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{3) The width of particular allowed band decreases with increasing 
M, the bondage of the electron to an atoms core. 
In one limiting cases M —> 0, cos Aa=cos ka, hence all values 
of ae are allowed. From equation (2.3.4) with A=k we have 


E -1E and all energy is kinetic corresponding to the case of free 


electron, 


wm SAS Cos aas L.H.S. 


an SY’ FORBIDDEN RANGES OF Aa 


Fig. 2.3.3 Aplot of M sin Aa cos Aa vs. Aa 

In the other limiting case when M >œ, (sin Aa = 0)=sin (+72) 

orA= +, and using (2.3.4) E=n°n°i7/a*2m, that is, the energies 

are discrete and correspond to the case of an electron bound in 
its orbit. 

y It is to be noted from Fig. (2.3.3) that the breaks in the 

allowed band occur where cos ka= +1, i.e., at values of k= +", 

n=1,2,etc. Secondly, Fig. (2.3.3), is symmetrical|about the vertical 


2nx 


axis. Thirdly, that if k is replaced by (k+F +=) in equation (2.3.7), 


the same values of energy are obtained as Pa of (2.3.7). Thus 
the phase factor has a periodic nature. This property is referred to 
as the property of k periodicity. For a free electron we know that 


2 
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Eke k 5 
MN hence for a free electron the energy versus k curve Is 
parabolic as shown in Fig. (2.3.4), i.e., the energy increases with K 
hence with momentum. With this in view for a certain value of the 
binding strength M, E versus k curve can be drawn from equation 
(2.3.7), from which it is expected that E- k curve would be symmetri- 
cal about the E axis but is discontinuous as shown in Fig. (2.3.4) 
by dotted line curve. The extension of the (E - k) curve for ranges 
of k from — xja to x/a, is called the first Brillouin zone ; similarly, the 


- -2 
second zone consists of parts between p to z and E to Se 


» and 


so on. 


FOR 
BOUND ELECTRONS IN 
A CRYSTAL 


Fig. 2.3.4 shows the energy vs. k relationship and the brillouin zones 


Since within a given energy band the energy is a periodic 
function of k, i.e., k can be replaced by k’ =k+ cas in equation (2.3.7) 


where n is an integer and for a certain energy k’ can have many 
values, therefore, it would be reasonable to represent the E versus k 
curves in one period, namely, between -2/a to x/a. This representa- 
tion would then be a representation in the reduced k space corres- 
ponding to -x/ato n/a. For this we use the concept cos (2nx + 4) 


= cos (2). so that the reduced phase space representation is as shown 
in Fig. (2.3.5). It should be noted that energy values at P 2 are 


epresented at + ž in the k’ scale. Secondly, because of the symmetry 
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of the E-k curves, the slopes of the curves at k’=0 orat n/a 
are zero, 


Kē KO 4a +7/a°K” 


Fig. 2.3.5 Reduced phase space 
representation of E vs. k 


In order to understand the behaviour of an electron within an 
energy band in the reduced wavefactor (k’) space we need to know 
the following. 


2.4 Number of modes in each allowed band 


We have said that the particle electron is represented by super- 
position of plane waves. Therefore, it is natural to enquire how 
many of such plane waves, i.e., modes of propagation are there. 


It is well-known that it is the boundaries that determine the 
modes ; therefore, we need to look at the conditions at the bound- 
aries, So far in our discussion we assumed a running plane wave, 
i.e., infinite crystal length but in practice we shall always have finite 
crystal dimension, In addition, it is not known to us whether the 
ends of the crystal would cause reflection of the plane waves. 
Nevertheless it is known to us that there can only be two types of 
boundary conditions: (1) which will give a continuously running 
wave picture ; (2) the other which gives a standing wave picture. 
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If we assume that the former applies, the unattenuated plane 
wave propagation must give exp (ikx) = exp ik(x +L) where L = Na is 
some fundamental physical length of the crystal since we shall see 
later (cf. F.N.) that Bragg reflection occurs after such lengths 
comprising N atoms or in other words 


2nz _ 2na i. (2.4.1 
kL=2nz or (as Na (2.4.1) 


where n= +1, +2 etc. since the running wave can be either a forward 
or a backward one. The total range of k in one period is 2n/a, namely 
2n: 


— nja to +n/a. which on equating to Na from equation (2.4.1), 


we have the total number of modes n in the running wave picture 
as N, equal to the number of atoms in the fundamental domain, 


Alternatively, we can assume a standing wave picture within a 
fundamental length L =Na where the Ist and the (N +1)th atoms are : 
the boundaries, For a standing wave we need to consider only positive 
or negative values of the propagation factor k, which ranges only over 
n/a. A standing wave solution will have nodes at the boundaries of 
the fundamental length L = Na and will be given by the form 


sin kx=0=sin na=sinkL or ke L where n=1,2,3,etc. -- (2.4.2) 


F.N.: X-ray diffraction by a crystal points to a special behaviour of the 
wave phenomena. When a parallel beam of monochromatic X-rays of wave- 
length \ passes through a crystal, parts of it 
get reflected, The reflected rays from 
adjacent parallel planes can interfere cons- 
tructively. This constructive interference 
occurs when the optical paths of reflected 
rays from the adjacent parallel planes differ 
by an integral multiple of à. If the angle 
of incidence of the rays (cf. Fig. 2.4.1) is 
6and the successive parallel planes are at 
distances ‘a’ apart, this condition, known 
as the Bragg reflection condition, can be 

Ki sien (2 a for @=0) written as 2acos@=+7\, where n is an 

integer. In terms of the phase factor, 

Fig. 2.4.1 Bragg reflection under this condition, the phase change 

between two ‘successive parallel set of 

reflected rays is ka=tnr. We are not interested in light waves in particular 
but this wave property should be kept in mind when dealing with waves, 
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Hence equating for the range of k, z T =N? we again have the 


number of modes n=N, the number of atoms in the fundamental 
length L. Thus we see it is immaterial whether a standing wave or 
a running wave persists in the crystal and the number of modes per 
band is equal to the number of atoms in the fundamental length 
L =Na where N is large compared to one. 

So, for the sake of discussion we shall henceforth use the 
running wave picture, The number of modes per band is too many 
and we can speak of quasi continuous modes ; since the total range 
of reduced wave factor k=? is finite. While each mode occupies a 


k range of 2 n/L obtained from equation (2.4.1) by finding the distance 
between two k values corresponding to (n) and (n+1). From 
equation (2.4.1) a small range of modes would occupy a small range 
of k given by 


L 
dn=5*.dk ws (2.4.3) 


2.5 Velocity, acceleration and effective mass 

Wave theory implies that the particle velocity v is given by the 
group velocity of the waves representing the particle. Therefore we 
have particle velocity 


dw _d(tiw)_ 1 dE wee (2.5.1) 


ey ae i dk 


since particle energy in wave formulation E = hf= ho =jfiw. Taking 


the E(k) relationship in an allowed energy range, the velocity has been 
plotted as a function of k in the reduced zone in Fig. (2.5.1). From 
the plot the following two observations can be made. 

(1) That starting from a momentum value - is, as the 
momentum increases the energy decreases while the velocity slowly 
becomes negative and maximum in magnitude at the inflexion point 
of the energy momentum curve, Then the velocity decreases to zero 
with increase of k, thereafter the velocity increase becomes positive 


geo Ne — A1 
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maximum again at the E - k inflexion point and then decreases to zero 
at the top of the band at k = n/a, 


(2) That even if the momentum values are finite, + n/a at the 
band edges the particle velocity is zero, a fact not possible to be 
explained by Newtonian laws of mechanics. This momentum is 
called crystal momentum since such phenomena occurs when the 
particle is in the crystalline field. 


| E top 
: 2 wid 
X 
o 
m* 
o 
À ) 
Pig as) +a 


Fig. 2.5.1 Velocity, mass, acceleration obtained 
from reduced E vs. k relationship 


This behaviour of the electron in the crystal is different from 


that we expect of a free electron and needs explanation which will be 
given at the end of this article. 
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We know that an electric field F applied to a particle would 
cause an increase of energy 


dE eF dE 
dE= akik" +eF vdt= EdE, dt ere (2.5.2) 
Note that, in equation (2.5.2), the plus or minus sign refers to the 
spatial direction though the energy is an increment derived from 
the field. 
From equation (2.5.2), a - gtk ee (2.5.3) 
K 
It is apparent that k increases with time on application of electric 
field since the sign (plus or minus) in equation (2.5.3) does not refer 
to E-k space. 
From equation (2.5.1) the acceleration 
a-42- 1 VE dk 
dt n dk* dt 
which, with (2.5:3), becomes 


3 
anA (2.5.4) 
giving m*, the effective mass as 
3 
m*= TEAR «is (2.5.5) 


2 
Thus the particle mass is given by the reciprocal of (oe) and is 


obtainable from the E(k) relationship. In figure (2.5.1), for the 
particular E(k) curve chosen, the effective mass has been drawn and 
it is seen that between the bottom to the middle of the band the 
particle mass is positive, becomes infinitely heavy at the band centre 
and thereafter with increase of energy the mass is negative decreasing 
at the band top to a finite negative value. 

The above mentioned apparently ambiguous results are, in 
essence, a consequence of the fact that ; ignoring the constraints on 
the: particle motion imposed by the microscopic electrostatic forces of 
the nuclei of the crystal we were trying to understand the particle 
motion in the crystal, in terms of Néwton’s laws in respect of 
applied force (+eF). If the resultant microscopic force is opposing 
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the applied force the mass would seem heavy because the acceleration 
will be lesser than accountable by the applied force alone and con- 
versely. This, therefore, is a result of the electron not being free 
and being bound in the crystal to some extent. Therefore, it would 
be reasonable to find the extent of freeness of the particle as it moves 
in the energy band. Thus the effective freeness factor can be 
defined as 
m md‘EB 

SE) = ne 58 die =: (2.5.6) 
implying that when the effective mass is large compared to the free 
electron mass m, the particle is behaving as a heavy particle. This 
is because the internal forces are largely dominating to dictate its 
motion and the particle is less free ; so the freeness factor is small. 
When m= m*, the freeness factor is unity and the particle is behaving 
like a free electron. 


Let us now try to understand the particle motion in the band 
when an external electric field is applied. Firstly we should note that 
on application of a force the momentum always gains since ak is 
always positive, This implies that the wave length 4 shortens uni- 
formly. Secondly that, the boundaries of the reduced k zone at + = 


correspond to 4=2a, which implies constructive interference 
occurring after reflection known as Bragg reflection, where the 
particle momentarily stopped ; indicating in the wave interpreta- 
tion ; at this a, Standing waves are formed. An electron at b in 
Fig. (2.5.1) hence gradually is decelerated instead of being 
accelerated though gaining energy as it approaches the band edge 
with time, This accounts for velocity decrease or the negative 
mass necessary to express the requirement to be met. That is, 
if we want to disregard the Strong internal forces of the crystal 
lattice and express the Particle motion due to the applied force in 
terms-of Newton’s laws of motion the wave formalism guards such 
ignorance through an E-k relation| that sometimes Tequires a 
negative massi: Foran electron on the lower half of the energy band 
the mass is positive. For motion from k=0 to values of k corres- 
ponding to energies like at ‘a’, Momentum gains, velocity increases, so 
does the energy.: The particle behaves like a partly free electron’ since 
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it is ina crystal, the part freeness is taken care of by the increasing 
mass and its positive value, 


After the particle has reached the zone boundary at reduced 
k =n/a, the momentum still increases but the energy falls [indicated 
by the dotted curve in Fig. (2.5.1), whose representation in the 
reduced k-space occurs’ between -n/a to k=0)]. The velocity 
increases negatively, so does the mass. This isa consequence of the 
fact that for continuous energy change of the electrons to occur ; it 
can only exhibit, to lower its energy since it is in the crystal. It has 
to remain as a wave group, of which some of the components wave 
length got shortened previously, (while the k range is finite), when 
some other components wavelegnth got increased. Only the role has 
got reversed. This is how the backward moving wave is exhibiting 
with it the particle, hence ‘velocity increases from zero while 
remaining negative. Because we are trying to understand this by 
Newton’s laws of motion, the consequence is of necessity, a negative 
mass giving a negative acceleration causing increase of negative 
velocity, in respect of the applied force. Thus the particle ultimately 
falling under the complete influence of an atom when the mass as 
seen by the applied force is infinite and velocity is a constant 
maximum and negative and. the acceleration is zero. Because of the 
existing velocity the particle passes through this point thus the 
influence of the crystalline field decreases. The applied field feels its 
own influence on the particle as a decrease of the negative velocity 
towards zero. After this the velocity again becomes zero before it 
turns again to repeat the motion. Hence the mass required is 
positive and acceleration positive through zero to decrease the 
negative velocity to zero. Here the particle has stopped that is the 


wave group is reflected. The particle is well under the influence of 


the applied field, hence the mass is positive, so is the acceleration. 
It is to be noted that the mass is negative in the upper part of the 
energy band. 

Thus we see that as if a steady electric field will cause an 
alternating particle motion in physical space hence will give 
alternating component of current in consonance with its oscilla- 
tion in energy between Etop to Evottom (see Fig. 2.5.1). For an energy 
band width of 2eV.= Etop —Ebottom ata field strength of 100 y/cm, the 
physical distance should then be 0:02 cm. But the so-called mean 
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free path is of the order of 10-5 — 107° cm, hence the electron will be 
deflected long before it could traverse a full cycle unless the field is 
= 10°—10® v/cm.. However at these field strengths, there isa rapid 
increase of probability that the electron leaves this band and passes 
over to the next higher band. These aspects of collision with either 
lattice atoms or with imperfections were so far neglected since the ideal 
one dimensional fixed atom zone model was assumed. 


2.6 Distinction between metals, insulators and concept of holes 


It would be instructive here 
E to indicate how the above theory 
leads to a distinction between 
metals and crystalline insulators. 
To understand this let us 
assume that an. energy band has 
got filled up from the lowest energy 
-rh =K ky +% upwards (cf. Fig. 2.6.1) to a value of 
1 k=k,. We enquire: What is the 
Fig. 2.6.1 shows states upto : + 
k, as filled number of free electrons with which 
such an energy band can be com- 
pared to? This number is obviously 


Nw=2 3 fludn se (2.6.1) 


where f(k) is the freeness factor defined by equation (2.5.6) and dn is 
the number of modes in a range dk given by equation (2.4.3). 


ka 

Hence New= L Í Jik) dk since each mode can be occupied by utmost 
=ke 

two electrons one. of each spin (Pauli’s principle). Substituting for 

K(k) from — (2.5.6) 


Na-ta | Gas 2) af) Mal]. sn 


kı 


A dE PETA 
since g at k=0 is zero and ai jS a symmetrical function. 


From equation (2.6.2) we can conclude that the effective number. of 
electrons corresponding to.a filled band is zero since at the top of 


| 
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the band Po. In other words a filled band does not contribute to 


conductivity. Also note that the effective number of free electrons 
reaches a maximum for a band filled upto the inflexion point of the 
E~k curve. 


Using the above information one can make a distinction between 
metals and crystalline insulators, At very low temperatures near 
absolute zero the electrons of the crystal will fill up the bands from 
the lowest upward until all the electrons are exhausted. There are 
materials for which the last occupied band is partly full and this 
shows conductivity. Such materials will be called metals. On the 
other hand there will be materials in which the topmost occupied band 
is completely full. Since a completely filled band is equivalent to 
zero number of free electrons, therefore such material will show no 
electrical conductivity at this temperature range. These will be 
called crystalline insulators in this temperature range. In this 
filled band the net charge movement is zero. That is if v, is the 
velocity of the i-th electron the net charge movement is 


-qsyv,=0 s+ (2.6.3) 


for all values of i in the band, As the temperature rises some 
electrons from the upper most filled band, called the valence band, 
will be excited and would be raised to the next higher allowed energy 
band called conduction band. There they will occupy the lower 
energy levels and would be able to gain energy continuously from the 
applied electric field, and hence will show electronic conduction. 
While the vacant spaces, left in the valence band will be called: holes. 
Their movement can be visualised as due to the net effect of the 
movement of the remaining electrons in the band which can be 
expressed from equation (2.6.3) as 


-GEV = (Vi + Put Vi + Vm) etc. + (2.6.4) 


i stands for all except the few (i = j, k, l, m, etc.) that have left the 
band. Thus we see that the movement of the remaining electrons in 
the valence band is such that it is equivalent to movement of equi- 
valent positive charges with the velocity of the vacant spaces in this 
band. This will also cause current conduction and we call this hole 
conduction in the valence band occurring due to the totality of flow 


28 SEMICONDUCTOR DEVICES 


of the remaining electrons in this band. It is obvious that the 
number of holes is equal to the number of electrons in such materials 
and these will be called intrinsic semiconductors. Thus the difference 
between a crystalline insulator and an intrinsic semiconductor is a 
matter of the number that are excited to make transition to next 
higher band. If the distance between the top level of the valence band 
and the bottom level of the conduction band is too large at normal 
temperatures the conducting holes and electrons would be too few, 
so the electrical conductivity exhibited by them would be too small 
to be counted and hence they will be called insulators. As for in 
diamond this energy gap, which we shall henceforth call bandgap, is 
7 eV while in Ge, this value is 0.67 eV. Hence diamond is called an 
insulator while Ge a semiconductor. 


It is to be noted that an electron in the upper part of the 
energy band has negative mass. Holes, therefore, at the top of 
the energy band should show positive mass. Not only that the hole 
mass would also be dependent on its location in the energy band. 


2.7 Effects of the three dimensional nature of actual crystals 


The one dimensional model that we have discussed so far is 
evidently an over-simplification, but this model can be extended to 
three dimension. There are other methods of approximation which 
also give us the same results except fora few more features that 
are easily understandable and these are as follows : 


In an actual crystal the lattice spacing ‘a’ will be different in 
the three orthogonal directions. Each of these physical directions 
will give us a k direction and a reduced k scale. Hence we need 
to regard k asia vector and we call it wave vector, 


where k= k?,+ k*, + k*, ss (2.7.1) 
Not only this the boundaries of the Brillouin zone will then occur 
at iain + Mn (cf. Fig. 2.5.2). This means at values of 


kgm skys + aor 20 6(2.7.2) 
are the reduced zone boundaries, if a, b and c are orthogonal vectors. 


oa 
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This cubic region defined in k space forms the first Brillouin zone of 
a simple cubic lattice as well. 

In view of the above, k,.b=0=k,.c and so on. This leads us 
to define a set of vectors, A, B, C which specifies the unit cells of the 
k space. These are called the reciprocal lattice vectors expressed as, 


= > = = > > 


Kinde hee a 8s and Daea i] (2.7.3) 
a.bxe b.cxa c.axb 


The reciprocal lattice is therefore, a representation of the 


physical crystal in the phase space. The vectors A, B, C defined by 
equation (2.7.3) transform the physical crystal in the wave vector 
space of reciprocal space. Note that in the definitions of A, B, C 
only one length dimension remains in the denominator (cf. 
equation 2.7.2). 

With these definitions the requirement corresponding to the 
equation (2.4.3) can be expressed for a three dimensional lattice as, 
the volume of k space to be ascribed for each mode is 


den 2% 2%, 28 220)" SA NATA) 


where L,, L., L can either be taken as the three dimensions of the 
crystal or the three fundamental lengths at which the wave group 
suffers Bragg reflection. 

The three dimensional nature of the actual crystal simul- 
taneously puts a constraint on the allowed and forbidden energy 
bands as follows, An energy value E which is forbidden for a 
particular direction of propagation may be allowed for another 
direction of propagation, Thus if we consider all directions of 
propagation instead of a particular direction, the width of the 
forbidden band is reduced. This reduction can lead to an energy 
band forbidden for a particular direction of propagation to be 
nonexistent when all propagation directions are considered. We then 
say that band overlap has occurred. 

With these introduction to three dimensional crystals we 
present in Fig. 2.7.1 the energy band diagram of three well-known 
semiconductors in two important directions in k space. 
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It would be seen that the semiconductors described above have 
not one but several conduction band minimum ; hence these are 


[i11] [noo] [111] <— —> [100] [111] <«— — [100] 


Fig. 2.7.1 Energy band diagram of Si, Ge and GeAs 
band gap values quoted in the figure refer to 300°K 


called multivalley semiconductors. The shapes of their constant 
energy surfaces are correspondingly shown in Fig. (2.7.2). For GaAs 
the constant energy surface is a sphere; hence it will have one 
effective mass. For silicon the constant energy surfaces are six 
ellipsoids along the (100) axes and hence it will have three effective 
masses—one for longitudinal axis (m;), two for transverse axes (m;). 


GaAs 


Fig. 2.7.2 Constant energy surfaces of Si, Ge and GeAs in reciprocal 
space. Brillouin zone boundaries are planes perpendicular to the 
major axes at the centres of the ellipsoids 


Similarly, for Ge there are eight ellipsoids of revolution along the 
(111) axes. There will be also m, and m,. The Brillouin zone 
boundaries will be at the middle of the ellipsoids. The room 
temperature band gaps are shown on the diagrams (2.7.1). For these 
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semiconductors the band gap decreases with rise of temperature. The 
conductivity effective mass may be calculated using the formula 


i in KORA D 
m* fri me ns 

In general, the energy is a function of k, i.e., E=f(k). It would 
be seen later that the holes and electrons near the band edges are 


the ones useful for conduction ; it is reasonable to express particle 
energy in terms of band edge energy Es =/(k,), as 


E 13 
B-f -B tl, e- ky) SE | E-k) 
i.e., approximately 
J (k-k)°] .. (bE a rg 
B-B +i [ER] Gels. 0 (2.7.5) 


The negative sign in the above expression refers to the lower part 
of the upper edge of the band and applies for holes where electron 
mass is negative. Equation (2.7.5) is an approximate equation, which 
tells that constant energy surfaces can be regarded as spheres in the 
k space. When the energy is measured with respect to the band edge 
and k is measured with respect to band edge k=k,, the particle 
energy E, =E - E, is related to the particle momentum by 

+E,=+ Pk 


ws (2,76) 


which shows that E, can be regarded as totally Kinetic energy, The 
negative sign in equation (2.7.6) refers to holes which would be 
found below the Ep, i.e., E-E, is negative. 

Though, in general, constant energy surfaces are not spheres but 
for small deviations, it is customary to use this expression to frame 
a general picture for all semiconductors with suitable values of m* 
determined from experiments. 

Further, equation (2.7.5) indicates that the band edge energy 
can be regarded as the potential energy of a particle while at E, and 


es is the Kinetic energy while the total particle energy E is 


sum of the potential and kinetic energies, Not only that the particles © 
near the band edges can be regarded as free electrons with an effective 
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mass, m* given by equation (2.5.5), evaluated at the band edge. 
Thus, we note that the microscopic potential variation, within the 
semiconductor due to the presence of the nuclei, as if has disappeared 
giving us a microscopic description of the medium by equation 
(2.7.5), which implies that the particles in a band have a potential 
energy represented by the band edge energy E, and'a Kinetic energy 
represented by its momentum deviation from the band edge 
momentum, 


2.8 Many Electron problem 


So far we have considered one electron’s behaviour in an energy 
band and it is not known to us how many such free particles are 
available in a band to account for conduction of current. Neither 
we know how they are distributed in energy to account for their 
Kinetic energies, To answer these questions, obviously, it is, impos- 
sible to count the electrons one by one and ascribe them to different 
energies and we are compelled to take an account of all the particles 
in the total crystal volume by using statistical behaviour. The statis- 
tics that are applicable to electron or hole particles is Fermi-Dirac 
statistics This is because of Pauli’s exclusion principle, that not 
more than two electrons can occupy each mode which ultimately 
points to the antisymmetric wave functions that have this property to 
represent these particles as opposed to Bose-Einstein statistics which 


takes account of Boson particles described by symmetrical wave 
functions, 


2.9 Fermi function 


Since we are not interested in rigorous procedures of derivation 
we shall be content with the engineer’s way of understanding how 
the Pauli’s exclusion principle enters to give us a function that 


describes the energy occupation probability for particles like 
electrons and holes, 


Assume a closed system of large number of particles of at least 
two types, for example, electrons and the lattice which can exchange 
energy amongst themselves. Say, two such particles have energies 

` Byo and E,, where their sum is E=E,,+E,.. Now say that these 
two particles have suffered an energy exchange and the new energies 
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after collision are E, and E,, Such a transition from one energy 
Eo to E, and E, to EB, will only occur provided the energy states 
E, and E, were empty as also E, o and E,, filled. This is where the 
Pauli’s exclusion principle enters in the formalism. The probability 
of such an energy exchange will be determined by the probability of 
E, o and Eso being occupied and E, and E, are empty simultaneously. 
If the occupational probability of an energy state is represented by 
fE) then the probability of it being unoccupied is [1—/(E)]. The 
time rate of transitions of the above type can be written using a 
conversion constant C from probability to time rate as, 


CKE, 0). f(E20) [1 -AE3)] I -AE a) 2 \(2.9.1) 


Since the system is a closed one the total energy of the system can be 
regarded as constant, hence every microscopic process of transition 
of the sort, described above must accompany one of opposite 
transition. Similarly the time rate of reverse transitions will 


analogously be 

CAE (Es) [1 -fB10)1 I - SE 20) +++ (2.9.2) 
and that E=E,+E.=E:0+ Eso s+ (2.9.3) 
This allows us to write 

E,+&=Ey and Es -€ =E20 e (2.9.4) 


where ¢ is an arbitrary energy deviation. 
Equating now (2.9.1) and (2.9.2), dividing throughout by 
AE) Ea) fE10) MB 20) and using (2.9.4) we have 


ali paira ee | ee 
belle] læ i 
Equation (2.9.5) can be solved provided we substitute for the 
factor like 


(2.9.5) 


(a Be 1) = AebE = (2.9.6) 
which gives 
1 oe 
~ J® T+ Aeth (2.9.7a) 
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The probability of occupation of very low energies are expected to 
be unity hence the constant A has to be very small and hence can be 
written as 

A=(g/2) exp (- Er) 45 (2.9.7b) 


where g is called the degeneracy factor implying the number of 
particles populating a particular mode. Since two particles can 
populate one mode we have for electrons and holes 


IO- (2.9.8) 
Now particles having very high energies obviously will be too few 
when equn. (2.9.8) takes the form SE) = he-r, From gas laws we 
know p= T where k is Boltzmann constant and T the absolute 


temperature, Hence, equn. (2.9.8) takes the form 


1 
f®)= at «== (2.9.9) 


To get a feel of the Fermi probability function described by 
equation (2.9.9) consider Fig (2.9.1) 
where /(E) versus E has been 
plotted for two different tempera- 
tures, 

For T=0°K, at values of E less 
than Ey f(E)=1 and for values of 
E greater than Ey, f(E)=0. 


For small values of T, 
at E=En f(E)=4 
at E >Er f(E)=C exp (—EjkT) 
at E< Ep /(E)=less than unity. 


Fig. 2.9.1. Fermi probability 
function 


That is when the temperature rises 
from absolute zero, particles from 
below Ep rises above Ey and gets distributed in energy exponentially. 


2.10 Application of Fermi Statistics 


In order to apply the above probability function represented 
by equation (2.9.9) to account for the total number of electrons 
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present in the solid we also need to know how densely packed the 
modes are as they are distributed in the energy scale. By this we 
mean how many modes are there ; in per unit energy range around 
the energy E, since the probability function /(E) is a function of 
energy. If we know this density function D(E), then we can easily 
write the sum 


25D(E) (E) d(E)= N « (2,10.1) 
for all electrons of all energies in the crystal or for those in the 
fundamental domain. The factor two comes in to take account of 
Paul ’s principle and N is the total number. 

The summation in equation (2.10.1) can be written with the 
notation for energy of the lowest edge of conduction band E, as 


N=2 5 D(E)(E) dE +2 ZDE JŒ) dB +23 D(E) NE) dB+++++- 
+5 2D(B) F(E) dE=N,+Ng+N, «+ (2:10,2) 
Ee 


where — œ and + œ indicate all energies are taken into account and 
Ni, Na etc. are the number of particles associated with each of the 
terms on the left-hand side of equation (2.10.2). Now considering 
that (1) in the forbidden gap D(E)=0, (2) that the lowest energy 
bands will be completely filled up, thus not contributing to conduc- 
tivity and (3) Fermi function is a sharply decreasing function above 
Er while the conduction electrons have been excited from the filled 
valence band, hence they are expected in the conduction band due to 
the Fermi function’s exponential tail, the corresponding terms on 
either side of equation (2.10.2) drop out leaving mainly the conduc- 
tion band electrons when we have : 


23 D(E) (Œ) dE = Nn w+ (2.10.3) 


where Ny is the total number of electrons in the conduction band 
in the volume of the crystal corresponding to the fundamental 
domain V;. 

To obtain the D(E) dE of equation (2.10.3) we take the help of 
equations (2.7.4) and (2.7.6). Equation (2.7.6) states that the cons- 
tant energy surfaces are spheres inthe k, space. Between two such 
spheres of energies E, and E, +dE, the k, space volume is 4nk,°dk. 
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+ : . 
Following equation (2.7.4) each mode occupies a volume of QE in 
‘this space.. Hence the number of modes in the annular space between 

. 3 Ank,2dk 
ik,? P k, +dk is V; TOS 
malised by kT, with equation (2.7.5) since dk, =dk and dE, =dE as, 


This can be expressed in energy, nor- 


(2.10.4) 


C  D@dE-v,. i Paty" iB ry "(5 


h°? kT 


‘Hençe equation (2.10,3).can be written (with E, the conduction band 
edge energy) as 


VAN, f E-E,)+? _d(E-E,)/kT- a 
va J\ KT °) T SAN ES CE 
E, [1 + exp kT )] 
3/2 m? T 


(where, N,=2 (T) =2°5.x 1019. ae per cu cm. 


ss (2.10.6) 


‘m 300, 


From equation (2.10.5) using the number of electrons per unit volume 
i =(N,/Vy) we have 


af Epey :_d(E- E.)/kT E ox NANO) 


1+exp [((E-Ex)/kT] No 


‘Equation 2.10.7 can be written with n =(E-E,)/kT as 


i 


27 Jnd n 
Jn | Trap n Er EJTI N: s+ (2.10.8) 


Thus we see that in order to keep the book keeping correct ; 
for all electrons in the crystal, the number of electrons in the 
cònduction band per unit volume must be related to (Er-E,) by the 
relation (2.10.8). When the integral has been performed and limits 


put, (Er-E,)/kT will remain as a function of No Unfortunately, 


Co 
this integral cannot analytically be solved for the whole range of n, 
but for the two limiting cases: (i) when (E,- Ex) >KT and (ii) when 
(Ex io E,) > kT. 
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When E, -Er > kT, E, is above Er and (Ep -E,)/KT is strongly 
negative, hence the integral in (2.10.8) takes the form 


J, Ee-ee] Jnezp(-n)dn= i: (2.10.9) 
or exp L- (E. -E1)/kT]= N; y+ (2.10.10) 


In this case Ep has been formulated such that Ep is below E, and the 
electrons having energy above 
E, therefore lie in the Boltz- 
mann tail of the Fermi function, 
where N, acts effectively as the 
basic density of the base level 

E, and n<N,. Fig. (2.10.1) | Ec 
shows the function D(E) and Ep 
D(E) f(E) for this case. Equa- 

tion (2.10.10) can be re-written 

as 


D(E)f (E) 


Er =E, + KT log (n/N,) 


(2.10.11) 


This is the case of non-degene- 
rate semiconductors. 


The other limiting situa- 


ESE) 


Fig. 2.10.1. Shows the density of 
state function; the probability 
function and their product i.e. the 


tion where (Er-E,) >&T number of occupied states for electrons 
e, 


applies when Er has entered the band and therefore electrons around 
Ep are the important ones in the integral, when we obtain 


Br=B,+5(p) manns (2.10.12) 
This is the degenerate case or heavily populated situation when 
n>N, and corresponds to the situation in metals, check that for 
(Ep-E,), a few electron volts, n~ 10*#/c.c. 

Similarly to find the number of holes per unit volume available 
in the valence band that takes part in hole conduction, exactly 
similar book keeping can be made for all holes in the fundamental 
domain V, paying due attention to the necessary modifications which 
are as follows : 
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(i) Since holes lie below the band edge the minus sign of 
equations (2.7.5) and (2.7.6) is relevant. 

(ii) Since occupancy of holes implies non-occupancy of elec- 
trons, [1—/(E)] has to be substituted for f(E) in the 
equation like (2.10.1), in this case. 

(iii) Also m,* is to be used for the effective mass of hole in the 
expression corresponding to (2.10.6) instead of m* when 
it will be called N,. 

(iv) The integration would range from minus infinity to the top 
of the valence band E, in the expression corresponding to 
(2.10.7), 

(v) The number of holes per unit volume p= (N,/V,) would be 
used instead of the corresponding electron case where 
n=(N,/V,) was used. 

With these modifications we obtain 

i | a. ws (2410.14 
Node J, vs exp [r - Hagen ( ) 


3 
where N,=2 (Ee as x 101° p . 300) per cm? 
(2.10.15) 


D(E)[i-F(E)) 


0 0.5 1 
(1-1 E] — 


Fig. 2.10.2. Shows the density of seats the occupational probability 
and the number of occupied state for holes 
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and n=[(E,-E)/kT] e+ (2.10.16) 


Hence likewise equation (2.10.14) gives for the corresponding non- 
degenerate hole concentration p <N, with the Fermi level being 
above E, as, 

E,=<E,- kT log (p/N.) s+ (2.10.17) 


Fig. (2.10.2) depicts the corresponding density of state function 
and their occupancy when the Fermi level is aboye Ey. Similarly for 
the degenerate case when Ep is well below E, and p > N, we have 
from (2.10.14) 


1/3)" h° 
Bgg) aap” se (2.10.18) 


2.11 Lattice vibration and its consequences 

So far we have assumed that the lattice (periodic) potential 
was stationary and the electron could flow as an unattenuated wave. 
Because of the temperature state the atoms of the crystal structure 
vibrate about their mean positions resulting in mechanical waves 
propagating through the crystalline body. The atoms themselves 
are bound to each other by cohesive forces and so they are coupled 
to each other by this spring force and hence the vibrational modes of 
mechanical waves are coupled modes. These modes cause deviation 
of the periodic potential, called deformation potential, through which 
the electron tries to flow as waves. This causes an interaction 
between the electron hence electron as wave and the deformation 
potential wave of the nature as shown in Fig. (2.11.1). This diagram 


Electron 
—_— 
a 


Fig. 2.11.1. Deformation potential wave 


is a crude oversimplification of the potential deviation produced by 
complex multimode mechanical waves, nevertheless it gives an 
insight as to how the energy exchange occurs. Electron in its mo- 
tion at points like ‘a’ in Fig. 2.11.1 will be retarded by the field of 
the deformation potential wave while travelling through the crystal. 
Thus the electron energy would be decreased and the mechanical wave 
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energy increased if the electron velocity is greater than the wave 
velocity and conversely. 

The fixed lattice allowed unattenuated wave propagation 
representing the electron. The potential deviation would cause part 
reflection of this wave and part transmission, This will result in a 
decrease of the probability of finding the electron, becoming lesser 
and lesser as the wave goes forward. Hence the wave amplitude 
would decrease. The fractional decrease of the square of the 
amplitude, (i.e. the ratio of decrease of probability to initial probabi- 
lity) is expected to be proportional to the mean square of the 
amplitude (proportional to energy) of the deformation potential,. 
hence 

diem cords s+ (2.11.1) 
where ¢ is the required proportionality constant. The solution of 
equation (2.11.1) is of the form 

Iyl? = lyol? exp (-cd*x) s i (2.11.2) 


The probability of finding the electron decreases exponentially with 
its distance of travel and is (1/e) after a flight of length 


l= (1/c5?) ++. (2.11.3) 


The multimode mechanical wave motion can be Tegarded as. 
motion of particles having particle energy ñw corresponding to 
momentum žk where k is the phase vector and these are called 
phonon particles. The decreased probability of finding the electron 
at a further location is regarded as scattering due to collision between 
phonons and electrons, which thus results in hindrance to electron. 
movement. In this J is called the mean free path which we see is 
equal to reciprocal of (c33). The constant c expresses the relation- 
ship between mean square deformation potential 5 to the electron 
energy loss. Any electron of energy E in the band will lose its 
kinetic energy on collision with the phonon particles. That is the 
multimode waves obtain energy from the electrons, This causes the: 
individual atomic oscillators amplitude to increase, At a certain 
temperature of the lattice the oscillator stored energy on the average, 
is equal to kT and is proportional to the mean Square displacement 
of the atoms from their positions of rest. This in turn is expected 


SEMICONDUCTOR PHYSICS 4t 


to be linearly related to the mean square deformation potential for 
small deviations at least. Hence we expect 
le 1/T vee (2.11.4) 


On the other hand if one analyses the longitudinal vibrational 
modes of (at least) a diatomic linear chain of atoms one finds for 
the frequency of vibrations in radians/sec 

w = yl (1/M) + {(1/M)? - (4 sin? ka)/M,M,}*/?] o oe (2.11.5) 
where M, and Mg are the masses of the two types of atoms, 
1/M=[ (1/M,)+(1/M,)]. y is the spring constant, ‘a’ the atom 
spacing and k= 2a the phase factor. 


From Equation (2.11.5) w has been plotted as a function of k in 


Fig. (2.11.2) between z/a to — n/a since here also k is periodic. It is 
seen from this figure that there are Tranverse 
j optical mode 


two types of vibrational modes, the 
lower frequency modes are called 
acoustical mode while the higher 
frequency onë is called optical mode. 
By the word acoustical, only lower 
frequency mechanical nature is 
meant but the frequency of this 
mode can be even in the microwave -/, k=0 
range, while optical modes extend —k 
to the optical frequency range. Fig. 2.11.2, Phonon mode dis- 
Note that there can be both ` persion curve of a diatomic 
transverse and longitudinal modes linear lattice 
of these two types. 

The w, k relationship or phonon spectrum for a few 
practical semiconductors are shown in Fig. 2.11.3 and one can 


speak of phonon velocity v -20 acceleration, mass, number of modes.. 


Obviously the number of modes in each branch will be equal to the 
number of atoms in the crystal, hence too many. While the mode: 


Transverse 
acoustic mode 


Ty 


Tange = is finite so quasi continuity of modes is assumed. Note 
that the quantum of energy exchanges at each collision of the involved. 


phonon becomes jw ~10-2* ergs at the acoustic branch top end. 
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Since the electrons and phonons motions are not correlated, on 
collisions of such large numbers of them or of one particle seen 


o Coo] > 10 0 [100] + 1.0 0 [100] —> 10 


Fig. 2.11.3. Phonon spectra of three Typical Semiconductors in 

typical directions of normalised phase space.4 and T refer to 

longitudinal and transverse while a and o refer to acoustic 
and optical modes respectively 


over large length of time, the motions remain uncorrelated. This is 
expressed by saying that the electron loses all memory of its past 
state after collision. That is the motion of electrons is random. The 
mean square thermal velocity can be estimated using the equiparti- 
tion of energy principle which states that for each degree of freedom 


the free particle energy is a hence for three degrees of freedom Ar 


which can be equated to the mean square K. E. of the electron to give 
the mean thermal velocity as vin = /(3kT/m*) ~ 107 cm/sec at room 
temperature range. Between two collisions free electrons travel a 
mean distance / given by equation (2.11.4). Hence for small devia- 
tions of periodic potential we can speak of a mean free time 
defined by the mean time that passes between two collisions of a 
particle and so this time 


l 
EAT vee (2.11.6) 


It is to be noted that we have tacitly assumed isotropic nature of t 
(which is not strictly true). Anisotropic nature is taken care of in 
detailed transport theory, from which one obtains the usable effective 
mass (cf. prob. 2.8). 
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When an electric field is applied, the electrons gain energy from 
the applied field thus affecting the individual velocity components 
between collisions. So long the change is small compared to v.n the 
r.m.s. velocity can still be regarded as (vn) remaining unaffected 
since on each collision the velocity is reduced to zero. Under this 
condition the mean free time r can also be regarded as constant. 

The effect of the modification of the individual velocity 
components and the collisions, results inan enmass drift of carriers 
moving with a drift velocity va. The kinetic energy that the mobile 
charged particles gain between collisions is given to the lattice by 
collision with acoustic mode phonons. The electrons are thus 
restored to the temperature of the lattice. Since the number of 
collisions is (1/z) ; the rate of change of momentum per second is 
(m*yq)/z due to collisions. This is the part of the applied force that 
is spent up to overcome the collision caused hindrance to motion. 
The rest goes to accelerate the particle. Hence with E as the 
electric field we can write 

-qB -m*a + ms Ye VT) 

to describe the effect of the field on the drift velocity. Ifthe field E 
was abruptly applied at time +=0, solution of equation (2.11.7) 
gives the time variation of vq as ; 
vam - (LE) [1 - exp (= t/o) ver (211.8) 


m* 


That is the drift velocity settles down to a value 
i= -(%)E vs (2,119) 


with a time constant t. 
On the other hand if the field is withdrawn abruptly the velocity 
changes as 
Va =Vao exp (-t/r) ss (2.11.10) 
i.e., the drift velocity falls to zero with the same time constant, so 
the particle velocities relax to their thermal equilibrium state with 


the time constant r. Hence we speak of z as the velocity relaxation 
time, The ratio of the steady state drift velocity to the electric 
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field from equation (2.11.9), is called the mobility u which from 
equation (2.11.9) is given by 
an OS se (2.11.11) 


and is a constant so long the applied fields are small such that the 
velocity deviation of individual flights are much smaller compared to 


GaAs Electrons 


Cm/Sec — 


10° 104 10° Wem 
E — 


Fig. 2.11.4. Velocity field characteristics of Si & Ge 


Vine To geta feel of the order of magnitude of times and distances 
inyolved, using «= 1000 cm*/y sec. and m* =0.2 m we have r~10-13 
secs and the mean free path /=y,,,7~100 A°, The velocity field 
characteristics of silicon, germanium and gallium arsenide are 
shown in Fig. 2.11.4. 


When of course the field is large (~ 10°V/ cm), the individual 
velocity increments in the direction of the applied force between two 
collisions increase and become so large that the average thermal 
velocity is modified. In this state the average energy of the 
electron is greater than before and we speak of the electron as 
hotter than the lattice. In this field Tange it is not proper to speak 
of a constant time of flight since the velocity has increased and 
more collisions are expected in the same time interval because the 
maximum phonon velocity can be of the order of 10° cm/sec while 
the electron velocity is approaching 107 cm/sec, therefore large 
number of phonon particles appear as if at Test, for large number of 
electron particles, Hence the free time of flight must decrease on 
the average. So we turn our attention to the more fundamental 
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quantity, the mean free path, for the description of events for high 
field case. 


The mean space travelled in time z, 


j= bait = Be 

giving t= Wee) se (2.11.12) 
hence the drift velocity va = - = t-te es (2.11.13) 
and the mobility u= VERT nm e+ (2.11.14) 


Thus we see that in this range of field the drift velocity varies 
as square root of electric field as shown in Fig (2.11.4). 

In essence the conservation of energy as also conservation of 
momentum is to be satisfied in the collision between phonons and 
electrons. In the higher momentum range in the acoustic mode the 
number of modes are fewer causing less frequent collision which in 
turn makes the electrons still hot and on collision to obtain 
conservation of energy and momentum proper; the frequency of 
collision increases, i.e. the time of flight decreases, This goes on 
until the electron energies have increased such that itis capable of 
exciting optical phonons which can easily absorb large energies, A 
phonon particle in this range implies very much larger energies 
compared to one of the acoustic mode. In this state, whatever 
energy is gained between collisions, is again lost in exciting optical 
mode phonon and so the average particle velocity remains constant 
in this range. As the field still further increases the energy gained 
between collisions is so large that the optical phonons become 
inefficient to remove this energy, when, we speak of the phonon mode . 
bypassing and the collisions that occur starts, ionising the atom 
cores and we speak of impact ionisation when electrons are raised 
to conduction band, and holes are liberated in the valence band. 


2.12 Temperature dependence 


From the above discussion on the effect of field on the mobility 
it will apear that increased frequency of collision is expected to 
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decrease the mobility due to lattice scattering. Therefore if 
temperature rises we would expect the mobility to vary. We have 
obtained from equation (2.11.11) 


E gba y 
mE ME (2.12.1) 
Substituting for / from equation 2.11.4 and for vin= a/ a) 
we obtain 

u= T- s (2.12.2) 


In materials like Ge and Si the temperature dependence of the 
mobility deviates considerably from the above temperature law. 
The reasons for the discrepancy being that intervalley and intravalley 
scattering are not considered here and that acoustic phonon 
scattering has been taken to be the important mechanism. Never- 
theless in these materials equation (2.12.2) approximately holds for 
lattice scattering. 

The characteristic of impurity scattering on the other hand is a 
T2 power dependence of u. At higher temperature electrons on 
the average move faster and hence are less deflected by the impurity 
ion cores. It turns out when there are two sources dictating the 
velocity relaxation time x ; then (1/r)=(1/r,)+(1/ca) where t, and ta 
are the individual process relaxation times. 

js GN 
Hence Bae ae se (2.12.3) 
The combined effect is a decrease of mobility with rise of 
temperature, the power law depending on the predominance of one 
cause over the other. 


2.13 Extrinsic semiconductors 


Extrinsic semiconductors are those in which in equilibrium 
situation, the number of electrons n per c.c. is different from the 
number of holes p, per c-c. Equating equations (2.10.11) and (2.10.17) 
and rearranging we have 


np=N, N, exp [—(E,-E,)/kT] 
=N, N, exp [- (E,/kT)] Mee (2.13.1) 
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Thus we see that under equilibrium situation the product np is 
constant, depends on the semiconductor type through Eg and 
effiective masses m,* and m,* and on temperature. Ata certain 
temperature for a certain material np =const. and is same as for an 
intrinsic semiconductor of the same material for which n=p=7n;. 
So for any semiconductor 
np =n,? se (2.13.2) 
Hence we see that n, is temperature dependent and material depen- 
dent through Eg. 
Elemental semiconductors like Si and Ge belong to the fourth 
group of the periodic table, Their electrons are arranged in different 


Is 2s 2p 3s 3p 1s2s2p 3s 3p3d4s4p .. 
shells and sub-shells as 22622 and 2262610 22 with 


atomic numbers 14 and 32 respectively. The last p shells in each of 
them are wanting 4 electrons to saturate the sub-shell. Each atom 
shares one electron from four of its nearest neighbours and so these 
crystals are called co-valent crystals. GaAs is a compound semicon- 
ductor made up of Ga from 3rd and As from Sth group, hence this is 
called a III-V compound. 

If in these semiconductors impurities are substituted for some 
atoms, say in Si or Ge, atoms of the Sth group such as As, Sb, P 
which have an extra electron (for example in As at, no. 33, in 4P 
there are 3 electrons in phosporous at. no. 15, in 3P there are three 
electrons) in the outermost sub-shell ; these extra electrons will find 
little attraction to their parent atoms, These electrons are at a 
considerable distance away from their parent atoms and they see as if 
each is embedded in a dielectric medium only attracted by its share 
of counterpart positive charge. Hence the maximum possible energy 
with which it is bound to the nucleus can be given by the equivalent 
hydrogen atom models ground state as 


{mq*/32(neoe,i)*$ se (2.13.3) 


which is of the order of 100 mev. Hence around room temperature 
these electrons will get free of their parent atoms and move around 
in the crystal. Thus these impurities can donate one electron per 
atom, Hence elements of the 5th group are called donor atoms. 
Thus this sort of doping can increase the conductivity of the sample 
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and this conductivity is called n-type and the semiconductor is called 
n-type semiconductor. Similarly, if atoms of the 3rd group such as 
In, B are used as substitutional impurity, they having one electron 
less, the outermost sub-shell (such as in In at. no, 49 in the 5p one 
less, in B at. no. 5 in 2p one less, in Ga at. no, 31 in 4p one less) 
will be wanting an electron to satisfy the bond. This want of an 
electron by one bond per impurity atom will and does, act as a hole ; 
which will be filled by a passing electron, thus making the hole move 
freely through the crystal. These types of impurities will be called 
acceptor type and the conductivity of the crystal will be due to posi- 
tive mobile charge carriers and the sample the so-called p-type 
sample. Whether the sample is p-doped or n-doped under equili- 
brium situations, equation (2.13.2) holds hence in doped crystal one 
type of mobile carriers (the dopant type) will be increased in number 
hence these carriers will be called majority carriers while the other 
species will be decreased in number such that (2.13.2) holds and these 
carriers will be called minority carriers. For example if one atom of 
5th group impurity per 10° parent atoms are introduced as substitu- 
tional impurity, then per c.c. there will be 10*® electrons and 10* 
holes in silicon since m ~ 10*° per c.c. at room temperature in 
silicon while 10*® electrons and 10*° holes in Ge since n, ~ 10% in 
Ge at room temperature. Thus enormous change of conductivity is 
possible by doping a semiconductor. The conductivity of a semicon- 
ductor will be determined by both the types of carriers and the 
-current density will be given by 


J= (nun + Puy) QE s (2.13.4) 


‘where yn and pp are the electron and hole mobilities respectively 
and E is the applied electric field. Comparing with J=cE where o 
is the conductivity we have, 


o =q(nun + Pup) sa (2.13.5) 


Normally un is greater than u, by about a factor of 2 to 3 for 
silicon and Ge, Hence major part of the conductivity is determined 
by the majority carrier doping. 
As for the position of the energy level of the dopant atom 
particles in the energy scale, since yery small evergy is needed to 
.ionise these atoms hence in the doped semiconductors these energy 
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seats, one for each atom; are drawn in the forbidden gap,:as shown 
in Fig. (2.13.1). For electron states they are below the conduction 
band by the ionisation energy while Doner status 

for holes they are above the valence aee CB 
band by its jonisation energy, 9° UTL 
Ionisation of the electron state f Receptor states 

implies that the donor state is titan eee tees 
empty, it has donated an electron yB 
in the -conduction band, while Fig. 2.13;1. Shows the valence 
ionisation of an. acceptor state band, the coduction band and 
implies that the acceptor state has tha dopanhatatps 
captured:an electron thus liberating a hole in the valence band. 


2.14 Hall voltage 


In this ‘section we shall study the Hall effect which provides us 
with an experimental method for the determination ‘of mobility, 
carrier concéntration and the semiconductor type. 


When a magnetic field B is applied to a p. or n-type semicon- 
ductor sample as shown in Fig. (2.14.1) in they direction and 
i fag 


Fig. 2.14.1. Hall-effect measuring set-up 


a current I amps=(J,.Wé) passes through the semi:onductor 
perpendicular to th: magnetic field in the x direction with carrier 


4 
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velocity v, the mobile particles get deflected due to a part of the 
Lorentz force 


F=q@xB) ‘r: (2.14.1) 


Carriers collect on the top boundary perpendicular to the z direction. 
This would continue until the field produced by these collected 
carriers oppose further flow and an equilibrium is reached. Under 
this equilibrium condition there is a voltage developed on the top 
face with respect to the bottom one.and this voltage is called the Halt 
voltage. This effect including the direction of the resultant field is 
called Hall effect. In the figure the change of field AE due to 
collected carriers is shown. The resultant field E,=E+ AE causes 
the carriers to travel a longer distance between the electrodes and 
this causes an increase in ohmic resistance of the Sample. It turns 
out that fractional change in resistance hence the fractional conduc- 
tivity change calculated on the basis of (J,/Ez) is proportional to 
square of the magnetic field, This effect is known as magnetoresis- 
tance effect. 


Turning our attention to the Hall effect, AE=E, where E, is 
the z directional field produced by the carriers collected at the top 
face, the force 


qE -=q V-B, = (2.14.2) 
Multiply both sides by carrier concentration p to have 
P WaB, B 
Be og ts an Rie By + (2.14.3) 


where the Hall coefficient is 


1 
R os = (2.14.4) 
It is to be noted the Hall voltage Vu, the current I flowing and 
the magnetic field are measured. While E:=(Va/W) and 
J,= wi therefore, while using equation (2.14.3), particular attention 


is to be paid to the measured quantities and the method of measure- 
ment, As for example to measure the Hall voltage Vy, one has to 
connect the measuring equipment between two points on opposite 
faces as shown in the diagram (2.14.1). The voltage measured is to 
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be perpendicular to the current lines, hence the two voltage measur- 
ing contacts has to be accurately placed. Since it is difficult to do so, 
in practice one uses a resistance to form a bridge circuit in which the 
semiconductor bulk acts as a pair of resistances. This therefore 
gives the potential difference between point A and the midpoint of 
the semiconductor bulk. Hence W has to be replaced by (W/2) in the 
estimation of E, from Vy but not in finding J,,=(I/W?). Hence from 
equation (2.14.3) 
2Vat_ 1 

R= TB, “p4 s+ (2.14.5) 
In equation (2.14.3) the average drift velocity was used. But as a 
matter of fact the acceleration of the carriers due to the application 
of magnetic field is perpendicular to the direction of motion, hence 
due to collision little parts of circles become the nature of the mean 
free paths, Hence a more careful averaging*should be done for the 
drift velocity. For semiconductors with spherical energy surfaces 


Root. L wes (2.14.6) 


Now using equation (2.14.3) the Hall angle defined by 


AB. By_ 34 T.Be 
jana (Ba By olsngpBe 


3 3s (Dae = aay we (2.14.7) 
Since o is small tan 9 ~ 6 radians hence 
3n ‘a. (2.14.8) 


a= 8 UsBy = HnBy 
un is known as the Hall mobility 
Hence from equation (2.14.6) 
R=” s (2.14.8) 
o 


In a semiconductor having appreciable numter of minority 


carriers R is given by 


-33 (Dus? - nun?) s. (2.14.9) 
R 8 q(Pup+Nnun)? 
3n (Phn? — Nun") 14.10 
and un= Romig Pup + Mem gs Q ) 
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2.15 Position of Fermi level in Extrinsic Semiconductor 


We are in a position to enquire where is the Fermi level loca- 
ted in the energy scale for intrinsic semiconductors and in doped 
semiconductors. For this we have the equations (2.10.11) and 
(2.10.17) which are applicable for both doped and undoped semicon- 
ductors. They are written again for ready reference 


Ep=E,+kT log K vs (2.15.1) 
e 

Er=E,- kT log yf be (231502) 
4 


Adding the two equations we have 


-E,+E, LKT Jog 0 No 
Er= ty + log 5 N, 
~ Bet By kT Liat) a kee 
and tt lp 5 ma) (2.15.3) 


Hence we see that the position of the Fermi level depends on the 
majority and minority carrier concentrations and their effective 
masses. But for intrinsic semiconductor n=p=n; whereas the 
logarithm of the mass ratio multiplied by 4 kT would be small, 
hence for this case we can say Er is about at thé middle of the band 
gap. 


As for doped semiconductors we need to know the carrier 
concentrations which are expected to depend on the doping concen- 
tration. But equations (2.15.1) or (2.15.2) do not explicitly show 
this. So we take equation (2.9.7b) in which we note that a donor 
level can be occupied by only one electron; hence the g factor for 
donor levels is unity. So the Fermi function that is applicable for 
donor level oecopancy is 


E) = E 
SE) 154 exp eo EJKT] GLN 
Since donor levels have a discrete energy Eq as shown in Fig. (2.15.1). 


When Er coincides with Ea, f(E)=% hence the number of electrons 
in the conduction band obtained from Ny donor atoms ‘is 
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Na [1—/(E)] =(Na/3).. The number of electrons for other positions 
of Er as are obtained in the conduction band is 


n=N, [1-/(E)] =Na [1/1 +2 exp (Er -Ea)/kT}] = (2.15.5) 


Ova 43° A 


Fig. 2.15.1. The Fermi-function relative to the 
dopant energy state 


By adding and subtracting E, with the (Er - Ea) term in equation 
(2.15.5) and using equation (2.15.1) equation (2.15.5) can be 
written as 


ne “Hilt Jo seii ws (215.6 
Na [i+2sexp(z) | tee 


where E;=(E,- Ea) is the ionisation energy of the donor atoms. 
Equation (2.15.6) can be rearranged and written as 


m A LNI we (2615.7) 
E os| N GN i 


N,\ ; 
For a certain doping level Ng at a certain temperature, RS is 
known. Hence from equation (2.15.7) for a certain value of 


(Sak the ratio KE can be calculated and plotted as shown in 
t 


Fig. (2.15.2). From this figure we see that at values of a =0.2, 


34 SEMICONDUCTOR DEVICES 


almost all the donor atoms have got ionised. For Ge and Si the 
ionisation energies of different dopant atoms in, practice, range 


01 02 03 04 05 
kT/Ei —> 
Fig. 2.15.2. Plot of (n/Na) vs (KT/B,) 


between 10 mey to 150 mev. Hence we conclude that around the 
room temperature the number of conduction particles in the band 
is equal to the number of dopant atoms. These conclusions will 
not drastically change even if Na is changed by a few orders of 
magnitude on either side because of the logarithm in the denominator 
of equation (2.15.7). 


At lower temperatures the number of impurities ionised will 


be less and N <1, in that case equation (2.15.7) can be rewritten 


neglecting (x) in the term (1 - Ni ) as 


n= JNaN, e7Bu2kT ss (2.15.8) 


Equation (2.15.8) describes the number of electrons available in the 
conduction band of a doped sample at comparatively lower 
temperatures than room temperature. 

Thus we see that the number of mobile carriers are low at low 
temperatures and tend to be equal to the dopant concentration 
around the room temperature. Whereas for all situations under 
equilibrium conditions, equations (2.15.1) and (2.15.2) hold. This 
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is because the dopant concentration does not modify the band gap 
so long the doping is low and the sample is non-degenerate. 
(Atoms of the order of 1 in 10* or 10° are hardly noticed by the 
electron waves and their presence is taken care of by the 
modification in mobility as discussed in article 2.12). Continuing 
with our discussion, equation (2.15.1) can be written as 


n=N, exp [- (E, - Er)/kT] s+ (2.15.9) 


At low temperatures n is low and is given by equation (2.15.8) as 
also by (2.15.9). 


At very low temperatures none of the donor levels are ionised 
hence Ep must be well above the donor states indicating that they 
are below Er hence probability of occupation is unity. At high 
temperatures n is more than Na since on top of all the donors being 
jonised some more has been excited from the valence band. to the 
conduction band. Therefore at very high temperatures the material 
tends to behave like intrinsic again when the intrinsic concentration 
swamps those due to ionised donors, and so the Fermi level is near 
the mid gap. In between, when n =Na/3, Er is at Ea. Thus we see 
that Fermi level is temperature dependent in a doped semiconductor. 
At very low temperatures it is above Ea, with rise of temperature it 
slowly falls to the mid gap when the material behaves as if not 
doped. At low temperatures the concentration of electrons in the 
conduction band is given by equation (2.15.8), around room 
temperature n=Na while at high temperature the concentration 
would be given from equation (2.13.1) combined with (2.13.2) as 


nen,= VMN, e` E87FT LN, exp (-Eg/2kT) + (2.15.10) 


The log of concentration vers, (+) is plotted in Fig. (2.15.3), using 
equations (2.15.10) and (2.15.8); for appropriate temperature ranges, 
which shows that there are two linear portions having slopes 
—tan-1 (Eg/2k) and —tan-* (Bi/2k). We see that experimental plot 
of majority carriers versus (1/T) curve can give us by extrapolation of 
appropriate = portions, a means ‘of determining band gap of a 
semiconductor as also the ionisation energy of a dopant atom. 
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From Fig. (2.15.3)-we note that there isa temperature range 
from room temperature T, to a temperature T,, where: the concen- 
tration remains constant=N, and the material behaves like a doped 


New 4 
FOR Nd 10 


UT; 
1/T —> 
Fig. 2.15.3... Plot of the log of concentrations vers. (1/T). 


Vite 


semiconductor of n-type. It is this temperature range in which the 
semiconductor can be used reliably to behave as of a definite type. 
To. estimate the value of this temperature range we have from 
equation (2.15.10) 
Na=N, exp (—Eg/2kT,,) e (2.15.11) 
Which on rearranging can be written as i t 
Tor _ Eg is. (2.15.12) 
Trooni 2kT, log (Xe) a 
h Na 
Using for Eg= qv, 
"0.052 tog Ne 
a 


With typical band gaps for Siand Ge one has for Ge, T.,/T, ~ 1.2 


and for Si, B ~ 1.7, hence: we conclude T,, ~ 60°C and 210°C 


above room temperature T, = 300°K for Ge and Si respectively; 


2.16 Diffusion and current equations 

Whenever there is a density gradient of carriers, there is a 
net flow of them from the ‘high concentration to the low 
concentration region known as diffusion. This arises~ from the 
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thermal vélocities of the particles. For one dimensional movement 
* 2 

we can characterise it as movin it. If we take a. reference plane 

in the varying concentration region having, say, electron concentra- 

tion no, the particles that cross this plane from either side, come. 

from a distance of utmost a mean free path /. The concentrations 

at distances equal to the mean free path on either side of this re- 


| l 
ference plane can be written as 7, =o +| eh I, and n, - no ~ | at ial 
The net number that crosses the reference plane due to thermal 
movement per unit area per second is ny a ar | l.. The current 


sigs lan! i f ; 
density is then - q | =I l. ven Which with Z= yın z gives- ajanl Wih e 
Using vm? = kT/m* and u= qr|m* we have for the current density by 


diffusion of carriers as Dg z where De (ukT/ą). 


In a semiconductor without any voltage applied one would 
expect the same macropotential E, to exist. within the bulk material 
and the same concentration of carriers at each point hence from 
equations (2.15.1) or (2.15.2) we would expect Ep to: be the same 
throughout the semiconductor bulk under equilibrium conditions.. 
This is why we draw the conduction and the valency band edges as 
two parallel lines, indicated to represent constant macropotential 
along the length ‘of the semiconductor. Even if there is a voltage 
applied across the semiconductor ends, and if no current flows then 
equilibrium has been attained and there is no further carrier 
movement hence Ep must have attained same value: throughout the 
bulk ; since there is no net micro transitions necessary any further 
to satisfy equations (2.15.1) or (2.15.2), while Er dictates the 
transitions. (For a formal proof the reader is referred to ref. 3). 
In such a case there can be macroscopic potential difference between 
different points and the representative for this macroscopic potential 
is E,, hence representing E,=—qV and differentiating equation 


(2.15.1) we have 


dEr ay , (kT) dn i 
deL q. ATi m (2.16.1) 
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peels dV 
Multiplying throughout by my, and substituting E= - dx We can 


write equation (2.16.1) as 


di 
nun E = duan E + (pakT]0).4; Se s+ (216.2) 
Representing mT = Dn, we have from (2.16.2) 


Nu, r qun nE + Dag. 42 s+ (2.16.3) 


Under equilibrium condition no current flows and the L.H.S of 
equation (2.16.3) is zero and 
kT 1 dn eee 

E=- APAE (2.16.4) 
which states that if there is a field and there is equilibrium then the 
force due to the field on the carrier is exactly balanced by the force 
arising out of the gradient of their concentration. This force is 
known as the diffusion force and it is given by AT de, 

Under non-equilibrium conditions i.e., when field is applied 
and the current flows, the current due to diffusion is independent of 
the field and it is entirely given by the existing concentration 
gradient, also the field current is ng.nE and is always so. Hence the 
total electron particle current is given by (2.16.3). ‘Thus we have for 
electron current, 


Ta magn + Dy? = mpgs TEES ~i- (216.5) 
Similarly equation (2.15.2) gives 
Jo~ my 9 PE Dya. dem pug. eee i oe (216.6) 


Since there are two types of particles and the currents due to the 
individual types of carrier flow will in general, be different hence it 
is reasonable to use two Fermi levels. The above plausibility 
argument to establish the current under non-equilibrium situations 
is based on the idea that, under equilibrium conditions each 
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component of current, diffusion and drift ; were equal and opposite 
and balancing each other to give zero resultant ; while the individual 
components may be large when we talk about unidirectional thermal 
current flow. Under non-equilibrium situations a slight unbalance 
of the two is expected to give appreciably large current. Hence we 
speak of small deviation from equilibrium and use the above current 
expressions, The smallness of the deviation again leads us to use 
the equilibrium Fermi level ideas to describe particle flow even 
under non-equilibrium situations. Bearing in mind a picture like, 
that Fermi level, as if acts as an elastic spring ; which under non- 
equilibrium forces gets deviated from equilibrium but relaxes 
quickly to restore the equilibrium, this phenomena occurring in quick 
succession gives the continuous current flow. Thus the Fermi level 
concept of equilibrium is extended to embrace non-equilibrium cases 
and under this formulation the non-equilibrium Fermi level is named 
by spelling it backward as ‘Imref’. 
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Problems 

2.1. Starting from the one dimensional expression for a plane wave 
show that the corresponding particle wave function is 
y <A, exp [-j(Et - px)/i]- Argue to establish that sum total 
of such wave functions can represent a particle. 
Hint: The particle energy in wave formalism is E=iiw 
=K.E.+P.E. while particle momentum p = ak where = h/2n. 

2.2. Find the one dimensional wave equation from the wave 
function obtained in problem 1 above. 


2.3. 


2.4, 


255: 
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Hint: Differentiate w with respect to time to obtain 
(6v/6t)= —jEv/i. Differentiate w with respect to position 
twice to obtain (5*y/6x*)=-p?y/j? while K.E. = p?/2m. 
Hence obtain (5° /5x*)— 2m Vip/i* + j(2m/n)°% = O where V is 
the potential energy of the particle. 


Show that if the total particle energy is constant’ and the 
potential energy V is time independent the time independent 


| form of the Schrodinger wave equation is 


(8*X/5x*) + (2m/ii*) (E- V) X (x) =0. 


Hint: The product Ey is linear in yw hence use variable 
Separation method to obtain space and time. variations 
separated by writing y-X(x).T(t). Equate the separating 
equation to time independent constant. Solve for time 
dependent part hence find w=X(x) exp (-JjEt/ii). Use 
(oP/dt)=—-jBv/% to evaluate the constant as -E. Hence 
substitute and obtain the result, 

Find the normalised wave function and the energies of a 
particle in one dimensional potential well of potential zero 
inside and infinite at the boundaries at x= 0 and x =a, 


Hint : Start from the time independent form of the Schrodinger 
equation with Y=0, Find its solution which at the boundaries 
must be zero since the particle cannot have infinite energy 
hence find the condition of its existence in the well that gives 
the energies. Normalise the resultant X(x) by the condition 


X(x) X*(x)= 1 ; hence find the normalised X(x). 


[ Ans, E=(h?n'*n?/2ma*) and X(x) = Vie (sin nnx/a), n= 1,2,3, 


etc. J 
Find from the Schrodinger equation the orbital energy of the 
hydrogen atom and the atomic radius at ground state, 


Hint: Use the three dimensional form of the Schrodinger 
equation A’¥ + 2u (E-V)»=0 with the electron potential 
energy V= - q°/4n €or. Assume 9 and # symmetry, and obtain 
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2.6. 


2.7. 


the. equation for radial variation by separation of variables 
technique. Use a trial solution as y(r)=A exp (=rjro). 
Evaluate A by arguing that the probability of finding it 
somewhere between r= 0 to infinity is unity and use 


K y p* dar? dr=1 


that gives A, substitution of which gives ¥(r)=1/(ero° 
exp 2r/ro)''?. Find the conditions, the trial solution should 
satisfy as ro =i? Eo/n e°m and E= —(mq*/8 £” h?) from 
the equation for radial variation with this solution y(r). For 
further information on this problem the student should read 
reference 4, page 7. 

Starting from the time independent Schrodinger equation for 
the one dimensional potential field shown in Fig. (2.3.2), 
deduce the equation (2.3.3) of the text. 

Hint; Use the time independent form of Schrodinger 
equation given in problem (2.3) above with X(x)= U(x) exp jkx 
to take the effect of the periodicity of the lattice in modulating 
the plane wave into account. This is known as Bloch’s 
theorem in the literature. This gives the equation (d*U/dx*) 


+ Dik dujds -(k*- At =X) U(x) -0 with V=Vo, U(x) 


=U, (x) for the region-b < x < 0 and V=0, U(x)=U,(x) for 
the region 0 < x < a. 

A is defined in the text, For the two equations of these two 
regions write general solutions as U,(x)=C exp j(A—k)x + D 
exp [-j(A-Ka] and. Ua(x)-Pi exp j(B=k)x+Q 
exp [-j(B-k)x] and equate for the continuity conditions 
U,(0)=U,(0) and U’,(0) =U’,(0). Similarly, equate for the 
periodicity conditions U,(—4)=U,(a) and U’,(- 4) =U’,(a). 
Thus four homogeneous equations are obtained for the four 
constants C, D, P and Q. These have non-trivial solution 
if the determinant formed by the coefficients is equal to zero. 
This gives equation (2.3.3). 

The energy band gap of Ge, Si and GaAs varies with 
temperature according to the relation E,(T) = E,(0) - aT*/(T + 8). 
Where for Ge, E,(0)=0.74, 10-*a = 4.56 and g = 210, for Si and 
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2.8. 


2.9, 


2.10, 


211. 


2.12. 
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GaAs these constants are 1,16, 7.02, 1108 and 1.522, 5.8 and 
300 respectively. Find the temperature coefficient of the band 
gaps around 300°K. Argue to establish that this should have 
been positive from the point of view of band theory. 
[ Ans. Ge: -3.78 x 10-* eV/°K 
Si: —2.67 x 10-* eV/°K 
GaAs: -4,35x 1074 eV/°K. ] 


Calculate the intrinsic carrier concentrations at 300°K of Ge, 
Si and GaAs using effective masses in relation to free electron 
masses for electrons and holes as for Ge m, =1.6, my, = 0.082, 
my, = 0.04, m,,=0.3, for Si these are 0.97, 0.19, 0.16 and 0.5 
while and for GaAs 0.068 m;,=0.5 respectively. 

Hint: Combine for electrons mas=(M;s » 1j.2)?!® and for 
holes may, = (my,2!* + my,2/2)?/® to obtain the density of state 
effective masses taking account of parabolic nature of constant 
energy surface. Hence obtain 


y= 4.9 x 1088 (meme Jo T312 exp [= E;/2kT]. 
For E, use data from problem (2.7) above. 
Find the ionisation energy:of Zn atom when it replaces a Ga 
atom in GaAs crystal. What is the semiconductor type 
expected ? 
[ Ans. .0358 eV and .0698 eV ] 
Elements of valency 6 have two surplus electrons over those 
needed to form covalent bonds. Find the ionisation energies 
of these electrons in Si. How does the impurity center behave 
if the ionisation energy is nearly half of the band gap energy ? 
[ Ans, .01286 eV ] 


A 12 mil thick Si Hall probe carrying a current of 3 mA 
develops a voltage of 1 my at2 K gauss, Find the Hall cons- 
tant and doping level, À 
[ Ans. R=1.016 x 10+8 cmê/coul 

P=6.15 x 10+" /cm° ] 
At a given temperature for what doping level and what type 
will a semiconductor show highest resistivity > 


[ Ans, p-type doping, p =n; Jun/iry. 
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2.13. 


2.14, 


2.15, 


2.16, 


2.17. 


The mobility for nearly intrinsic materials of Si, Ge and GaAs 
are proportional inversely to T” where n=2.5, 1.66 and 1 for 
electrons and 2,7, 2,33 and 2,1 for holes respectively, Find 
the temperatures at which the Hall constant is zero in these 
semiconductors and at what doping levels? [ Assume 
w= mola) where po for electrons and holes in 
cm*/V sec 1500, 600 for Si, 3900 and 1900 for Ge and 8500 and 
400 for GaAs respectively. ] 

[ Ans. Si=3°K, Ge=102,56°K, GaAs = 18.64°K ] 

Find the absorption limit wave lengths for Si, Ge and GaAs. 
(Use room temperature band gaps as 1.12, 0.66 and 1.43 and 
Eg=iw. Check that this gives Eg (eV)=(1.242/wavelength 
in microns)). 

[ Ans. Ge : 1.897 microns, Si: 1,109 microns, GaAs ; 0.8692 


. microns ] 


Application of a dic. bias to a semiconductor causes the 
electrons to oscillate in the E-K space. Oscillation in E-K 
space has corresponding oscillation in physical space. Would 
one expect oscillating charges to appear at the electrodes ? 
Clarify with supporting numerical values. (Assume the 
conduction band energy spread a few or less electron volt and 
a mean free path. Then find for this energy change the order 


_ of magnitude of the field needed, which again would not take 


place because of collisions. 

[ Ans. No] 

Argue in view of the answer to problem 5, Ch. 1 that the etch 
rate in the (111) plane in Si is expected to be lower than in 
(100) plane bya factor of at least 15 percent. What con- 
sequences is expected if through an window, in the (100) plane 
Si is etched ? 

[ Ans. A V-groove bounded by (111) planes. ] 

Draw energy versus population density and the location of 
the Fermi energy in the following cases at T=0°K. 

(i) A monovalent metal, (ii) a divalent metal having good 
conductivity, (iii) a divalent metal having poor conductivity, 


2.18, 


2,20. 


2.21. 


ee 


SEMICONDUCTOR DEVICES 


(iv) a semiconductor, (v) a good insulator, Comment on 
their temperature coefficient of resistance, 
For a trap level of density N; deep within the energy gap show 
that there can be four processes—two for capture of electrons 
by unoccupied states and two for releasing of electrons by 
occupied states, Identify each process, Draw a diagram 
representing these four processes, Trap energy level is E,. 
Show that the rate of capture of electrons by unoccupied states 
from the conduction band in the above problem under non- 
equilibrium conditions is given by 
CME) Nil - fi) f(B).NAB)AE 
where /,(E,) =[1 + exp (E; - F,)/KT]-*, F; being the quasi-Fermi 
level for traps, and f,(E)= [1+ exp (E-Er,)/kT]-* are the 
Fermi functions of traps and the conduction band respectively, 
while N,(E) is the conduction band seat numbers-for unit 
energy range, Note that under non-equilibrium situations F; 
and Ey, and not the same Fermi levels, 
Show that the occupied states of problem »(2.18) above release 
their electrons to the conduction band at a rate 
ea(B)NifiNo(B)(1 = fe) dE 

where e,,(E) is the corresponding rate constant, 

Hence find the net rate of capture’ of electrons from the 
conduction band. Equate this net rate to zero to satisfy the 
principle of detail balancing under equilibrium conditions and 


since in equilibrium the same Fermi level is involved, find that 
the ratio 


(€n/en) = [ (flt -fM -AA] evaluated at equilibrium and is 
equal to [ exp—(E-E,)/kT ]. 
Show that under non-equilibrium conditions the: net’ rate of 


‘capture of electrons summed over all energies above the 


conduction band can be written as 


Ra = [NÀ -f) -Nih exp —(Een-E,)/kT J Cy 
where 


nCy= {; C,(E)N.(E)/.(E)E and check that 


|= n exp [-(Ern—EJ/kT 1-N, exp ye Ei) 
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2.24. 


2.26, 


where 7m, is the concentration of conduction band electrons 
if the Fermilevel coincide with trap energy. 
Show that the net rate of electron capture obtained in problem 
(2.21) above can be written as 
R,=C,N(l - fo) - CaN, fom 
where n,=N, exp [—(B,—E,)/kKT]. Hence find a physical 
meaning of n; by writing in the form n; exp—(E, — E,)/KT. 
Treat the case of hole capture by the trap level along the lines 
indicated in problems (2.19) to (2.22) and obtain for holes 
Ry=C,Nifip - CNL- fi) pi where 
pi =N, exp [- (E; - E,)/kT ]=n; exp (E; — E,)/kT. 
Find the value of f(t) under steady state, equating R,=R, of 
problems (2,22) and (2.23) above and show that the recombina- 
tion rate 
ie = (pn - pin)/[ Ta(p + p:) + To +n) ] where 
n= 1/C,N; and T,=1/C,N;. 
ene R,=R, find f, substituting the value of which in 
R, or R, ; one has R, 
Show that the product of p: and n, of problems (2.22) and 
(2.23) above is equal to the square of the intrinsic concentra- 
tion. Note therefore p,t;= Poño where po and no are equili- 
brium hole and elsatue concentrations in the respective 
bands, i 
How can the effective masses be determined experimentally ? 
Ans: From Cyclotron resonance experimental results. 


Chapter 3 
HOMO-JUNCTIONS | 


In this chapter we shall discuss about junctions. Junctions can 
be classified as of two types: (1) the metal to semiconductor 
junctions, and (2) the semicondiictor to semiconductor junction. 
The latter type can again be divided into two categories: (i) Junc- 
tions between P and N type semiconductors of the same material ; 
(ii) Junctions of semiconductors having different band-gap. In the 
following we shall discuss the junctions between P and N type 
semiconductors of the same band-gap material. 


3.1 P-N Junctions 

These junctions of P and N types of the same material can 
also be of two types: (i) the abrupt junction, in which the impurity 
type changes abruptly at a plane within the bulk semiconductor 
(ii) the grown junction or graded junction in which the impurity 
type changes linearly through zero concentration from one type to 
the other. Here we shall discuss the first one and draw a few 
important conclusions regarding the properties of the step-junction, 
so called because the impurity type changes in a step as shown in 
Fig. (3.1.1) 

Let us assume that a P-N junction has been formed of Ge 
material. If the doping of the P-side is 10**/cc and the N-side 
10**/cc then in the bulk of the semiconductors, in the P-type there 
will have 10*® holes and 10*° electrons since in Ge n;=10"8/cc at 
room temperature while in the N-type bulk there should have 
10**/ce electrons and 10**/cc holes, Thus we see at the junction 
region from P to N side there is a concentration gradient of holes 
from 101°%/cc to 10*4/cc and of electrons from 10*°/cee to 10*5/cc, 
Hence near the junction holes will diffuse from P-type to N-type 
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sample and electrons from N-type to P-type. As the holes ` 
move from P-type, they leave bare immobile negative charges 


x=-dp X30 x=dn 


Fig. 3.1.1. (a) Qualitative picture of doping concentration; (b) Space 
charges (p); (c) Shows space charge density; (d) Electric field 
ideal (bold line) and actual cases (dotted) around the Junction ; 

(e) The potential variation 


while electrons moving from N-type leave fixed positive charges 
behind. Thus a redistribution of mobile carriers takes place, 
and an electric field is established, [see Fig. (3.1.1d) directed 
from N- to P-type]. A dynamic equilibrium is reached in-a very 
short time such that the field current of the same carrier type 
balances the diffusion current in the charge depleted region ; (the 
transition region or the space charge region). The field becomes 
that much strong as is needed to return the same number of diffusing 
holes or electrons at each moment that are crossing the junction. 
This readjustment of carrier distribution is confined within a very 
small distance around the junction. Fora certain number of lines 
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of force, greater the doping density less will be the distance of 
penetration of them to obtain the required bare charges for their 
termination. The extreme case is metal to metal contact, where 
the depth of penetration is of atomic diameter and we get the 
contact potential difference as a step because the mobile carrier 
density in metals is very high ~ 10°%/cc. In the present case the 
width of the space charge region, field and potential variation 
around the junction can be obtained in terms of doping density by 
using Poisson’s equation. Take x=0, at the junction plane, Nz and 
Na the donor and acceptor densities, Assume uniform doping and 


all atoms are ionised at room temperature, and solve the equations 
for the two regions separately. 


In the ideal case of square shape space-charge, we have 
for transition region in 


P-type N-type 
a or 
gives on integration 
av Be (x+C,) GN = SIN8 (4.4) (3.1.2) 
bike <a, (-4¥-E-0) | at x=d, also E=0 
-Derd GY = SANs (=a) (3.1.3) 


Further integration gives with C the potential at x=0 
aNa(x* = gNajx 
oat à +xdy)+C and V= ae - xd) +C. 

A N 

The voltage at x= -dp is Vp= A d? 

qNa 

266, eax 

Hence the transition region voltage 


whil> at r=d, is V,=C+ 


Vi=Van- Vo= z gp Nado? +Nada?) s+ G,1.3a)- 
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We also have for overall electrical neutrality, total exposed 
charge on P-side equal to that on N-side for each unit area 


Nada- Nady that is 4» Ne ve 1A) 
dp Na 
From (3.1.3a) and (3.1.4) we have 


PRE [Fe 


Vi NNa ey and 

Mzee ENE &: 
dy [ meV NN, al (3.1.5) 
Hence the total depletion region width is 


aid, = Evli; + Hj 


288 Vej? 
mint EA wena 
where N, the effective doping density is expressed as 
Pones Wl ; 
NON TN: oe (3.1.7) 


The depletion region will act asa capacitor. A small forced 
change in V, would cause a rearrangement of some mobile carriers 
on both sides, the net result being equal total fixed exposed charge 
Q on both sides of the be Thus junction capacitance 

-2- 
ee 685 N nee ve G8) 


To calculate the built in potential V,= V; (under equilibrium 
conditions) one can start from the current expressions. 


Jn=@ intB + Dy Te e (3.1.9) 


Jo=4 mpE -Dp JE + (3.1.10) 


70 SEMICONDUCTOR DEVICES 


which equated to zero gives for the field 
E= EKP dn kT 1 dp 
q n dx q p ax 

bar and knot standing for thermal equilibrium and depletion 


boundary values respectively. Using (3.1.11) one finds 


xad, 
1 dn kT Pno _ E NaNa 
vef- gE q aji PeR 7 [los » Pee log n” 


Po 


(3.1.11) 


‘ (3.1.12) 
For example, Na = 10'®/cc and Na=10**/cc give 


V,= 240 mY for Ge and 620 mV for Si at room temperature 
(390°K). 

Note that for a step junction the field is negative in the 
transition region and maximum at the junction. The depletion 
region width varies directly as the square root of the voltage V; and 
inversely as the square root of the effective doping density. If 
Na > Na, then N=N, and d« /V,/Ng that is the depletion region 
width is determined by the doping concentration of lightly doped 
material and extends mostly in the lightly doped material (check 
dy € d). 

\ “For an estimation of the width of the depletion region, use 
q=1°6 x 107*° coul, £, =8'85 x 10-14 F/cm. €=16 for Ge and 12 for 
Si. For Ge this gives d=0°64 microns with V,=240 mY. Hence 
when V;= 24 volts, the depletion region width will be 6'4 microns. 
Prebias field is 65x 10° V/cm at the junction boundary in the 
former case while in the latter 6'5 x 10* V/cm. 


It can be shown for a graded (grown) junction with doping 
density varying linearly like bx where b is a positive constant, 
d is given by 


-[!22¢0) wee eK [4 | _AeEo ene Gales) 


12V; d 
In this case the starting equations on either side of x=0 are, 
d*V_-gbx 
T= A forx< 0 e (3.1.14) 
mo a is negative in this eqn.) 
ando ee forx>0 


dx? 
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for P- and N-type respectively while overall charge neutrality requires 
d„? = dp? as obtained from 


dh dy 
TE Na weet N, dx 


with Na = Na = bx. 

Check that the maximum field occurs at x=0 and the 
relationship this Emax bears to the voltage across the transition 
region V is 

4/2 £80) 32 
v= 35) K. ws (8.1.15) 


3.2 P-N Junction from Energy band approach 

In this article we consider the p-n junction of uniformly 
doped P & N materials brought into contact, The assumptions are, 
that the crystal structure is continuous and ideally clean at the 
junction (single crystal). 


P-TYPE cB CB N-TYPE 
FL scsecennesneeter 
Ssesesadesesotees PRN 
a 
c (a) 
a A Li seals 
FL E 
Erak aannse E EE 
VB D 
tb) 
Vi 
Vb M 
Vp 
(c) 
——— VB Pot ——————_ 
weeeeennnen- === Fermi Pot 
pC ETIS F.Pot 
————__CB Pot 
(d) 
VB. Pot. 
ets Yb ELL Pot 


E s SER 


Fig. 3.2.1. Shows the P-N Junction from the energy and potential 
approach respectively 
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Before contact F. L.. im P-type material remains near the 
valence band while F, L. in N-type material is near the conduction 
band as shown in Figure 3.2.1. Remembering that the energy band 
diagram depicts electron energy, the corresponding potential 
Picture would be, energy divided by negative charge, hence a 
Teversal as shown in Fig, (3.2.1d) and (3.2.le). Before contact 
the holes in P-type are at higher potential so at higher energy while 
electrons in N-type are at lower potential and hence at higher 
energy, therefore on contact holes will roll down the potential 
gradient at the contact until the Fermi-potential is equalised. Thus 
a dynamic equilibrium is reached by a relative upward shift of V. B. 
potential & C. B. potential of the N-type material with respect to 
those of the P-type material. This results in a potential rise from 
the P-type to, N-type material in the transition region as shown in 
Fig. (3.2,1¢). 


As for the concentration of carriers in the transition region 
under equilibrium conditions, the electron and hole densities will be 
given by 


n= No e- (E0 ~ Bak “+ (3.2.1) 
p= Nye” GF-Ev kT Rea) (32.2) 
n p= n? 


=No.Ny. e7 (E0-EVKT L NoNy,e BAT... (3,2,3) 
In this equilibrium situation the above equations are every- 
where satisfied, also the band gap is same at every position. 


In this region looking from P-type material (see Fig. 3.2.1b) 
towards the right one sees that the distance between the FL & VB 
is increasing signifying decreasing hole density similarly from N- 
type to the left, distance between C.B. and equalised F.L. increasing, 
signifying decreasing electron density, 


To find a relationship between the doping densities, built in 
potential V, and band gap E,,. one can: sum up the electron energies 
in Fig. (3.2,1b). 9 SORE 
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A to B= -KT log Ñ; =(B,-E,) in N-type a rise of energy, 
where n, is the electron density in N-type bulk 

B to C=qV,= -q (— Vo) a rise of energy 

CtoD=-qV,=-E, a fall of energy 


D to E=-kT -@;-E,) in P-type a rise of energy where 
v 
P, is the hole density in the p-type bulk, giving us 


NV, = aV,- kT log 22 = 5 
aVa -4V0 -KT log Ẹ NTO (3.2.4) 
or Wo-Vo+ log Rex (3.25) 


Note that V, < V, since pa €N, & na €N, also assuming 
dopant atoms are all ionised we. have 


V= V,+ m log AN N ++ (3.2.6) 


substituting (3.2.3) in (3.2.5) with E, = @V, we have 
kT F kT 
Aang A CALLE rte A E NEN KE og Lo > aVo/kE 
se Vet g og Dre N.N, Vor ý losz + loge aVolkT ) 
kT kT n 
ESS ep gy LES Dn Be 
q s Pao 4 log Nyo p2p 
which is the same as eqn. (3.1.12) since pp= pro and n= Mno at the 
depletion region boundaries. 


3.3 Minority Injection and boundary concentrations 

The electrical resistance of doped medium being very low we 
assume, when bias is applied to a p-n junction diode, the rest of the 
bulk, than the junction, does not have any voltage drop. There- 
fore the. applied -voltage drops within the junction region only. 
Under reverse bias of applied voltage Vu, the N-material is 
positive with respect to the P-region, hence the previously existing 
field: increases causing the voltage drop across the junction to 
increase to V:=V»+Va, with the consequent widening of the 
transition region width to that given by eqn. (3.1.6). For forward 
bias the converse is the case and shown in (Fig. 3.3.1). Note that 


di Sd, > dıs ; 
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Ignoring the boundary shift, say under forward biased 
condition, Pao and my, are the minority carrier concentrations at 


d —] 


(c) 
Fig. 3.3.1. Shows the junction region potential for the three cases 
(a) Forward, (b) Pre-bias, (c) Reverse bias, 


(a) 


N and P region boundaries Tespectively. Then we have from equation 
(3.1.12) 


Eye Pe kT og a 
(Vs -Va)=(KT/a) log marg aa 


where py=p,,. and Ma= Mao ate assumed, which with eqn. (3.2.7), can 
be written as 


Pno=Po e Ve VRT Oe eaValkT se (3.3.1) 


The previous boundary concentrations were Pao and ny, 
respectively. Hence increase in boundary concentrations are 


Po = Pno [exp (qVa/kT) — 1] at N-material boundary 

M = npo [exp (qVa/kT) — 1] at P-material a tA, (3.3.2) 
Hence we speak of injection of minority carriers in the samples, 

Note that for a reverse bias as small 100 mV the injected 


concentration Do tends to -Pn for since at Toom temperature 
q/kT = 40 per volt. Hence even for small Teverse bias the boundary 
concentration tends to zero, 


If the applied voltage is a d.c. plus a superposed a.c. like 
Va= Vety ein, then the excess concentration at the two boundaries 
will have d.c. and a.c. parts. Using symbols p, for the d.c. part 


and Do for the amplitude of the a.c. Part, for holes from equation 
(3.3.2) we have 


Po +P + Pno = Pao EXD (aVe/kT). exp (qv/kT) “+ (3.3.3) 


— 
© = = 
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From (3.3.3) for) = 0, we have 


Po +Dno= Dno. Exp (qVe/KT) s+ (3.3.4) 
From (3.3.3) and (3.3.4) 
Po + Po +Pno= (Po +Dno).exp (qv/kT) ++ (3-3.5) 


Fory < in (small signal) the exponential can be expanded in a 


series and neglecting higher order terms we have 


Pot Pot no = (Bo Pno) (+ 27) vs (3.36) 
hence Po=(Pno+ Po) Kp 3.3.7) 


Injected d.c. minority carrier level Po is normally very high 
compared to the thermal equillibrium level Pno in forward bias. 
Therefore, we can write 


Po= pr V. Do we (3.3.8) 


Similarly, at the boundary in the P-type the excess minority 
concentration Ei 


Tom ye Toi (3:39) 


and Po= Pno lexp (qVe/kT) - 1] at N-boundary 
No= nvo [exp (qVe/kT) - 1) at P-boundary 


Equation (3.3.10) describes the d.c. while (3.3.8) and (3.3.9) describe 
the a.c. boundary concentrations of minority carriers related to the 
forward biased junction. For a reversed biased junction the 
boundary concentrations are zero. Ina forward biased junction the 
variation of the depletion region width may be neglected but in 
reverse bias this may be appreciable, 


| «= (8.3.10) 


The above equation indicates that it is possible to have a single 
type of carrier diode, for example, assuming all donors to be ionised 
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the minority injection levels on either side of the boundary can be 
written from (3.3.10) as 


Po= = [exp (4Ve/kT)- 1] on N-boundary and 
F e (3.3.11) 
Ro =e [exp (qVe/kT)—1] on P-boundary 


So, if the P-material is much more heavily doped than the N-material 
i.e., Na > Ng then the excess minority level No on P-boundary is 


very much smaller than Do on N-boundary. Thus the contribution 
to the total current by injection in P-type is much smaller than due 
to the hole injection in N-material, Thus we have a hole carrier 


diode. Alternatively by making Ny >N, we can have an electron 
carrier diode. 


3.4 Ohmic Contact 


An ohmic contact for a particular type of carrier is one in 
which this carrier can easily flow out while the other type of carrier 
can flow in through the same contact such that the current voltage 
relationship of the contact region follows the Ohm’s law, That is 
the contact resistance is independent of the direction of current 
flow. This can be obtained if there is a suitable potential 
distribution between the semiconductor and the metal contact. 


The boundary concentration for such a contact cannot build 
up hence it is same as the thermal equilibrium concentration. That 
is, the excess part of minority carrier concentration at the ohmic 
contact used to drain this excess will be taken as zero. Such a 
Contact can be obtained if the metal being used for forming the 
contact by alloying, inter diffusion, coating or plating is itself a 
dopant impurity of the same type as the semiconductor. Care, of 


course, has to be taken adequately to have clear surfaces for making 
ohmic contact, 


3.5 Carrier decay processes 


In this article we investigate, whether it is possible to build- 
up, maintain and control majority carrier concentration. Consider 
that an N-doped (Na=10'*/cc) germanium crystal with 
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alloyed ohmic contacts is biased as shown in Fig. (3.5.1). Let 
within the body of the semiconductor at 
x=0 local momentary majority concen- 
tration disturbance of n,=10*+/cc (only 
1% of the existing electron concentration, 
all donors assumed ionised) has been 
introduced. 


These additionally introduced Fis. 3.5.1. Showing the 
electrons form a momentary space charge pstitinene tenis 
and we make a rough estimate of the ie 
space charge field involved by integration of Poisson’s eqn. 


xX=0—>xX 


dx? 86, (3.5.1) 
On integration with C the const. of integration y 


dy ae 
i= +C + (3.5.2) 


assuming at a distance of 1 mm. on the left of x=0 the field is zero, 
we evaluate the constant C and from (3.5.2) write for the field 


E= -19 @+01) AGa bari (8151) 


from which the field at x=0 is E= ——-—? ~- 10°V/cm 


which is very much larger than ie breakdown field in semi- 
conductors (~10°V/cm). Though a very inaccurate estimation of the 
field, it is sufficient to indicate the impossibility of maintaining 
space charge non-neutrality and that the field would sweep the excess 
majority carriers to the collecting terminal on the right. 


Now, let us examine the time involved in clearing or relaxing 
this space charge. 


For this we have the continuity eqn. 


oP div. J os *(3:5.4) 


* Equation (3.5.4) can be established easily as follows: Consider a small volume 
A. 3x of the material. If the current decreases by ði while passing through the 
length 8x then the charge loss —ai. 8¢in'a small time 3t is equal to that in 
building up the charge of öp. A. 5x in volume Ax. Equating we have 


ae ==} tt. 583 in the limit we have (3.5.4). 


18 SEMICONDUCTOR DEVICES 
and current density J= s E s (3.5.5) 
iai Ll AREE S E o 5 
giving us a a. div. E ee, (3.5.6) 


In terms of excess carrier density h write (3.5.6) as 
dn f Ea (3.5.7) 
The solution of which is 

n =m exp ( ài ie) ve (3.5.8) 


The excess majority carrier concentration decays exponentially 


with a time constant Trelax = Bou 10-** secs. Note that 


a= 4( n+ pop) = ungn +n) = 3°6 x 10° x 1°6 x 10°? x 1°01 x 1028 
„a4 mho 


is determined by not the excess carriers alone but mostly by the 
previously existing concentration of 10**°/cc. Therefore, the 
majority carrier charge relaxation takes a very short time because it 
is not the excess concentration alone that is responsible for their 
removal but in the very short duration of current flow, all the 
majority carriers take part. The conductivity, or that, the majority 
concentration is high making T,.1,, short. 


The above consideration shows that use of majority carrier 
control in a device is difficult unless the device dimension or the path 
resistance is controlled. 

The situation, however, is vastly different if instead of 
majority carriers the same number of minority carriers are 
introduced at the same place in our sample, Firstly, the order of 
magnitude of the transient field is the same but the direction is 
opposite. Secondly, the concentration of holes that take part in 


2 
this decay process is ( 1014+ iia) = 10*4/cc. This decay of the 


excess minority carriers is much slower therefore, than the build 
up of majority carriers. Hence this decay does not take place 
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immediately at all, instead the majority carriers are drawn in by 
this transient space charge field until the space charge field is 
quenched. 


However, this condition does not persist indefinitely either. 
In an unbiased semiconductor the holes and electrons remain in the 
same medium and they maintain their concentrations. The state is 
a dynamic equilibrium where constantly there is generation and 
recombination of carriers but maintaining always np=n,*. If the 
generation rate is g and the recombination constant is r then we may 
write the time rate change for small deviations from equilibrium, as 


ang ap. =r.n.p s+ (3.5.9) 


Under equilibrium condition time rate change of concentration is 
zero hence 


g=r np=r. n;? when (3.5.9) can be written as 


ap. ri (m2 = np) “+ (3.5.10) 


If minority concentration changes by p for charge neutrality, 
majority concentration also changes by n= p hence from (3.5.10), 


we have since p=p+p 
CS ES a eee Pe eS Cag ee OR 
gi tl? - (+n) (+p) = -rp (n+n) 


P 
T (3.5.11) 


equation (3.5.11) predicts that the excess minority carriers (here 
holes) decay exponentially with a time constant Tp where 


ithe life time of holes and is determined by the 


T;=—~ 
r(n+n) 
recombination process and the majority carrier density. Note even 


the neutral deviation p = ^ from thermal equilibrium does not last 
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for ever, but decays remaining neutral till the decay is complete, 
with the time constant Tp exponentially. 


Similarly, if the sample was P-type and minority carriers, 
electrons were introduced then they would decay exponentially with 
a life time of electrons. The minority life times are largely 
dependent on crystal perfection.: More the imperfection is less is 
the minority life time. These imperfections act as recombination 
centers hence increase r thus decreasing the life time. Very good 
single crystals show minority life timesas high as 107 secs, while 
controlled imperfection can create minority life time as low as 
5x10-® secs. In good single crystals of semiconductors the 
minority life times (holes in N-type and electrons in P-type) are 
much larger than the majority relaxation times and that in both 
cases it is the majority carriers that control the decay process 
(higher the majority carrier density lower is the minority life time), 
If the concentration disturbance is a majority carrier alone, it dies 
with majority relaxation Tryejax while if it is a minority carrier 
disturbance then firstly majority carrier builds up to neutralise space 
charge and then both the majority and minority carriers decay 


simultaneously with the minority life time (Tp or T,) as the case 
may be. 


If there is no flow of minority carriers, then the loss of 
minority carriers can occur due to recombination alone while if 
there is recombination as well as current flow, then the minority 
carrier continuity, equation can be written with the help of (3.5.4) and 
(3.5.11) for holes in Netype sample as, 

ô 1 aly p 
Ba - 7k ss (3.5.12) 


for electrons in P-type sample 


awit g aa Ty s+ (8.5.13) 


At this point the student is referred to read the celebrated Shockley 
Haynes experiment from (ref. 1 of ch, 12).) 
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3.6 Determination of doping profile 
It is known that if one side of a p-n junction is very heavily 
doped compared to the other side 
then the depletion region’extends in N(x) 
the lightly doped region. The 
extension of the depletion in the 


heavily doped region can be easily f = 
ignored. For any arbitrary doping I 
profile in the lightly doped region, zal Jas 


as shown in Fig. (3.6.1), a small 


i : Fig. 3.6.1. Shows the impurity 
change in reverse bias voltage dV distribution for calculation of 


causes a change of depletion region depletion width 

width ds and the exposed charge is 
Aq N(x) d6=Cj.. dV =t (3,6,1) 
whereas Cy = 22o = (3.6.2) 


Combining equations (3.6.1) and (3.6.2) 


av-& ane) (*G*)= Atge NO g(a) 


Hence NO) = aE, GG") ... 116,63) 


Hence-plotting the reciprocal of the square of the junction 
capacitance versus -reversé voltage curve can give us the doping 
profile from the above expression if the junction area A is known. 


It ‘may be difficult to find the reciprocal slope avia(¢-s) for ample 
number of points of the curve. But since C; would be a power law 


with yoltage of the form Cy sae 


T (V,+Va)** j 
OER i (3.6.4) 
d (1 \_2mV,+Va)_ 2n 43 
or aNa (ca) Si K: C; (Vs + Va) (3.6.5) 


For arbitrary doping profile, n will not, in general be constant 
for the whole range of voltage but this range can be divided into 


6 
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two or three small ranges in the log C; vrs, log (V,+ Va): curve 
since log C;=log K-n log (Va+ Va), to obtain different values of n 
for each of these ranges and each of these values of n can be 


utilised with equation’ (3.6.5) above to compute tr (1/C;?). for 
a 
points of a particular range. 


3.7 Determination of built in voltage 

It has been seen in equation (3.1.8) that junction capacitance is 
inversely proportional to the depletion region wtdth, which in its 
turn is directly proportional to a fractional power of the voltage 
across the transition region. This information can be utilised to 
find out experimentally the built in voltage of a junction. 

The principle is to measure the junction reverse biased 
capacitance versus reverse bias voltage which is expected to be a 
monotonic curve as shown in Fig. (3.7.1). The total capacitance is 


= 


Total Measured 


Capacitance 


e ht vo k Dia 


Reverse Voltage ——> 
Fig. 3.7.1. Measured capacitance vers, Fig. 3.7.2, Extrapolation of the 
reverse bias voltage plot linear portion of the curve 
- giving built in voltage 


composed of the header capacitance plus the junction capacitance. 
From the C vrs. V plot thus obtained, the C; part can be picked up 
and replotted vrs. voltage. From the above expressions one has, if 
Va is the built in voltage and V, the applied reverse bias voltage, 


1 exer 
Cy (Vi + Va) i for step junction Ch ae (3.7.1) 


1% Bout 
and Cjo AR AD for grown junction _ saz (3.722) 
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So one can easily plot, a vrs. Va Or os vrs. V, as the case may 


be a step junction or a grown one, to obtain points on the curve 
as shown in Fig. (3.7.2). These points can be joined and the curves 
can be extrapolated to intersect the voltage axis to obtain V, as 
shown in Fig. (3.7.2) 4 


Since (Vi +Va)= oor ss +»»'9 (3-7-3) 


i.e., if this law followed till zero transition region voltage, then the 
capacitance would have been infinite here, that is 1/C;*=0 when 
Vo= -Va 
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Problems 


3.1. A step junction diode is heavily doped with dopant concentra- 
tion Ng on the n-side while p-side is intrinsic. Find the built 
in voltage of the junction. 
Ans, vat? log Me 

3.2. What is the built in voltage if the junction is a linearly doped 
one in problem 1. 

Ans, Same as above. 

3.3 For a p-n step junction diode of Si the n-side doping level is 
10*® and the p-side doping is 10**. Find the built in 
voltage, depletion region width and the capacitance of the 
junction, Assume a dielectric constant of 12 and a diameter 
of 100 microns. 

Ans. V,=631 mV; d='95 um; Cj =0°9 pF. 

3.4 Find the depletion region width and junction capacitance of a 

graded doped Si p-n junction diode with Ng=10*°x, and 


3.5. 


3.6 


3.85: 
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N,=10'°x where x is in microns. Use ¢,=12 and junction 
radius 25 microns. 


Ans. 0°995 micron and 21 pF. 


Find the depletion region width if the diode is forward biased 
with 0.5 volts applied voltage drop across,the junction in the 
diode of problem (3.3). Find the forward biased junction 
capacitance and the minority carrier levels at the boundaries 
of the junction at room temperature. 

Ans. @=°437 um ; Cj=1'9 pF; N-boundary =10°9 x 10**/cc ; 
n=10°9 x 10*®/c.c. 

If the junction of problem (3.3) is reverse biased by 5 volts, 
what is the depletion region width, the reverse biased 
capacitance and the minority carrier levels at the junction 
boundaries ? 

Ans, d=2°867 um ; Cj =0°3 pF. 


. Calculate the shift of junction boundaries on the p-.and n-sides 


of the problem (3.5) under forward bias. Find the excess 
carriers at these boundaries with the same bias. 


Ans. Shift in N-side 0°047 um 

_.. Shift in P-side 0°470 um 
Assuming our atmosphere consists of one species of gaseous 
particles and has a constant temperature T, show from gas laws 
and the definition of pressure that the gaseous particle 
concentration at a place is n=1, exp (-mgh/kT) where no is 


- the concentration and h the height from the sea level. 


Find the temperature coefficient of the built in voltage of a 
Si diode and compare it with that of a Ge diode. 


t»v Hint: . Use equation (3.2.5); find (¢V,/dt) from data of problem 


(2.7), Chapter II. 


u \ Ans, 2mV/°C nearly same for both cases, 
9.10. 


Under the condition that the excess carrier concentrations n, 
and p, are small compared to their equilibrium values no and 
Po Show from the results of problems’ (2.24) and (2.25) of 
Ch, II, that single trap level controlled life time is given: by 


T=[Tn(Po +21) + Ta(rio FN) +Do) 
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Hint: Use A =-R and proceed as given for equation 
(3.5.11), The student should note that the model used to arrive 


at the above result is known as the Schockley Read Model. The 
above formula is amply used for device performance calculation. 


Chapter 4 
P-N JUNCTION DIODE 


‘We are thinking of injecting minority carriers into a semi- 
conductor and their control while in transit through the sample 
like vacuum tubes, therefore, it is reasonable to suppose that lesser 
the transit time higher is the frequency at which the device would 
be usable, Therefore, we need to examine how the transit time can 
be minimised, The simple method of lowering the length of the 
medium being traversed by carriers is always used. On top of this 
for high frequency devices, it is customary to build a field in the 
medium which, in turn, increases the drift velocity of the injected 
minority carriers, 


4.1 Built in field 


This sort of building of a field in the semiconductor body is 
Possible by doping the material with varying dopant density along 
the sample length. The standard techniques for achieving this are 
high temperature diffusion of dopant material in the sample or 
doping while growth occurs as in the epitaxial method. 

To formulate the general relationship between space dependent 
doping density and potential variation, we start from the field 
expression at equilibrium 


qn dx-@q 5 dx TRC 
ile Vie Rake e nE RRR E) 
while V [Bax q 8 coni- y log EE o AD 


Choose the intrinsic concentration as the reference for voltage, 
which has not got to exist in the sample because the potential 
difference is what we are concerned with and not its absolute value 
ever, and write 


n=n;eTVIkT and Fm nge~ IVT s+ (4.1.3) 
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Poisson’s equation can be framed as 


2 - = 
ay 51 Na+ 9~a wo (4.1.4) 
which with equation (4.1.3) gives 
d*V_ _ 4 (yy,-2n, sinh 2Y. a 
aN - (Na 2n, Sinh £7) (4.1.5) 


This is the space charge equation describing the relation 
between the potential and the doping density. Unfortunately, this 
general equation does not havea closed form solution but approxima- 
tions may be made, Whenever’ space charge neutrality’ can be 
assumed equation (4.1.5) reduces to 


Na AVT j eer) (1 7 Z) GAB) 


On the other hand, point to point space charge neutrality 
implies everywhere 
Natp=n + (4.1.7) 
that is, point to point total positive and total negative charge 
equality.: Equilibrium situation demands 


pune A 
nls (4.1.8) 
Combining (4.1.7) and (4.1.8) we have 
n®—nNg—n?=0 + 3 (4,1-9) 
which gives ignoring the negative. value for n 7 
baa Na A(n) ] fis 
tatafi +a/1 a real (4.1.10) 


This equation shows that while Ng is position dependent so, long 
Na > mv n= Na. Say, in the worst case Na =10. n; at a position, 
then the electron concentration from (4,1.10) is 7=1.01 Na while 
-m3 Mi 
r= a Ti Na 
Even for a worst case position in the diode, we have from (4.1.3) or 
(4.1.6) ‘ 

/ AVIAT = 1:01 Nain; 


qv Na ~ tog Na Wah 
or pT (1.01) +log Wee log jh (4.1.11) 
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showing that point-to-point space charge neutrality requirement 
‘establishes a simple relationship between potential and doping 
density. Equation (4.1.11) shows that if the doping is varying 
exponentially, say, as 


Na=Na,e 7 20x1W a (4.1.12) 
then V would be linearly varying with x and so we shall have a 


constant built in field. This constant field in turn will give aE =0 
i.e. point-to-point zero space charge. The value of the built in 
field for exponential doping can be obtained from (4.1.1) and 
(4.1.12) as 


Ezg 5 s+ (4.1.13) 
also 9=0 implies uniform doping and zero built in field. 
Equation (4.1.5) reminds us of the boundary. Due to. the 


Nde 


gradient of majority carriers, there 
is diffusion of these carriers at the 
boundaries. Equilibrium is attained 
by exposure of the positive space 
charge around x=0 and accumula- 
tion of negative charge to the right 
À of x=W as shown in: Fig. (4.1.1). 
Sou : It is these space charges where the 
Bhar ites Exponential doping Sei ins originate from and 
between x=0 tox=W 4l m 
terminate to respectively. 
Overall charge neutrality is also maintained since the field on 
the uniformly doped regions at the two ends of the sample Eg and 
Ea, are zero. Hence 


Nde exp.-({9) 


B 
|da o ve (41.14) 


4.2 Generalised P-N diode 

If we have a p-n junction followed by a graded doped body 
(base) between two`metal electrodes giving ohmic contact to the 
material as shown in Fig. 4.2.1, then from the ideas developed in 
the previous section, the space charge, potential and field variation 
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along the length of diode can be idealized as shown in this diagram. 
The guiding lines are 


(1) that there is a p-n junction formed having negative space 
charge in P-type material and positive in N-type material in the 
depletion region ; 


(2) that the potential rises from P-type to N-type in this 
region ; 


EXPONENTIAL 
UNIFORM DOPING DOPING N 


EMITTER COLLECTOR 


SONNET 17 i OHMIC CONTACT 
Ci 


DOPING 
DENSITY 


X=W 


SPACE 
CHARGE Practical 


METAL 
SURFACE 
CHARGE 


Fig. 4.2.1, Doping level and space charge, potential and field in the transition 
region of.an exponentially doped p-n diode. 
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(3) because of exponential doping, the potential in N-type 
neutral region varies linearly with distance almost upto ohmic 
contact at the right ; 

(4) since the field is positive and finite at this contact the 
field lines would require some negative charge for their termination 
while these lines would get numerous electrons on the metal surface 
and hence this would be a surface charge ; 

(5) the field at the metal to semiconductor contact is thus 
reduced to zero, on the right while by the equation (4.1.14) that at 
the left contact has to be same ; 

(6) the field in the space charge region is negative because it 
is of depletion origin ; 

(7) on the potential profile if Vp is the potential at the 
transition region boundary on the left then at contact on left the 
potential is Vp because between O and A, the field is zero. 
Because of the negative space charge at D, the potential there falls 
to the value V, thus making at equilibrium the potential difference 
between the two electrodes zero ; 

(8) the total negative charge between the electrodes must be 
equal to total positive charge for overall charge neutrality, 


4.3 Non-equilibrium situation 
We know the current flow equations are : 


d 
Jangu E+ Dag Se 
and “+ (4.3.1) 
Jn=PqurE - Dp 12 


Dees the equilibrium or zero current flow situation built in field get 
modified due to current flow ? 


When the minority carriers are injected into the semiconductor 
body we know that the majority carriers rush in to neutralise the 
space-charge. Also the generation and recombination mechanism are 
continuously working. The recombination predominates over 
generation in forward bias (equation 3.5.11) so the number of 
majority carriers lost at each’ moment needs to be teplenished as 
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demanded by the very small extra electric field created by the steady 
concentration of excess minority carriers at a place because there is 
certain injection (minority) level maintained at the boundary. It is 
to be remembered that if there were no recombination then such an 
extra field would have been non-existent. The worst case is, when 
carriers are moving slowest, that is when there is no built in field 
and E in (4.3.1) is small, the carriers are moving due to diffusion 
mainly. Assuming negligible recombination (implies use of very 
good single crystals). A close approximation for the value of the 
field E in equation (4.3.1) may be obtained by equating the majority 
current to zero-because in.jsuch case the replenishing majority 
carriers do not need to flow. When there is a built in field, the 
carriers would move. faster, the recombination replenishment of 
majority carriers are smaller still and so the extra field is, and hence 
the resultant field is again obtained by equating the majority current 
to zero. In our case for N-region under non-equilibrium 


kT 1 dn ey 
E= AA en 
while for P-type bulk 
=AT 1 dp R 
E ep dx (4.3.3) 


For example, we can estimate, in the worst case situation the 
order of magnitude of the field and the current, to get an insight in 
the meaning of the above mentioned approximation. 

Say, in N-type Si sample with 9=0 (no built in field), the 
uniform doping density. is Nz =10*5/cc (hence p ~ 10°/cc) and say, 
at the transition region boundary the excess injected. minority (hole) 
carrier density is 10*#/cc, We, assume the excess minority carrier 
density distribution along the sample length W as 


p= 1024 F(1 ~a) where f (1- a) is unity at x=0 and zero at x=W 


‘while for neutrality the majority carrier density will, increase by 


equal amount giving 


nentn= 10% + 10+ f]1 -2 hence p= 10° + 10+ (1 ~ 2) 


. 
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Equating J,, = 0 (no recombination) we have 


pL, dng kT. fis 
n dx qw (10+) 


where f’ = — W— of. 


ôx 
This field gives the following values for the four current components 
+101) 
Ty caritiy = gu (p+ DE =q D E 
Irain- D T2 104, with p=10°/cc while it may be 
neglected at the injection boundary. 
D, 


Jnnt = qaan + AE =q v 1014f 


Jat - qR? 10*4f’ 


Where the value of f” at x=0 and x=W are f'o and f’,, respectively, 
we can write the current components as 


at x=0 and at x=W_ 

Tocacitt) = rf) x91 x 10'* Joanit = grit x 104 

Jyaim= Defy x 10** Jp aim. = Dapy x 10%* 

Janarit“ ani x 1014 Jaari = ae, fo! X 10** 
= Jn aim =i Jaai ni 


Thus we see that the total current “ist composed mainly of 
diffusion current of minority carriérs since the minority drift current 
is at least one order of magnitude lower than this. The field is very 
small (check with f, a linear distribution, t.e., f/= 1 and W= 10-* cm) 
when there is no recombination and this is sufficient to cause two 
large equal and opposite components of majority currents to flow. If 
there is recombination to the extent of even 10% of the total current 
then the recombination part replenishment is possible by only less 
than 1% change in the existing field. Thus we see that estimation of 
the field by equation (4.3.2 or 4.3.3) is quite good even in the worst 
case (9= 0). 
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The other approximations that we shall use are that, (2) the 
boundary shift of the transition region is small enough to be 
negligible, (3) the conductivity of the doped regions are high enough 
not to cause appreciable voltage drops hence all of the applied 
voltage drops in the junction region because the conductivity. there, 
is low for depletion of carriers, (4) the surface charge on the right- 
hand ohmic ‘contact’ is negative that is of electrons in N-type 
semiconductor hence gives increased conductivity, while holes 
reaching there from the left find a sink, (5) the contacts are ohmic 
and acts as sinks for carriers. 


4.4 Current Flow Equations 


We have seen that when the minority carriers are injected in 
the N-type semiconductor, the minority hole carriers are the sole 
contributors to the total current only when the recombination is nil, 
Similarly, in the P-type body the minority (electron) carriers are the 
sole contributors under no recombination. Therefore, the minority 
current in an N-type sample on minority injection is 


r 
A 


Js= qus E(P +P) - Dag CEP) 
but equation (4.1.1) can be written as 
Gin Bp=Dyg. 420. 


For constant E by subtraction the expression for the current 
under non-equilibrium can, therefore, be written as 


a dp 
Jp = qu E- Da4 GE a (4.4.1) 


where p stands for excess minority carriers, d.c. or a.c) depends on the 
context, We have with exponential doping, a constant built in field 


kT 1, dNa_ 20 kT 
Barain AEON ii i (4.1613) 


where 9=0 implies uniform doping. 
Using eqn. (4.1.13), equation (4.4.1) can be written in the tare 


dNa dp 
40240) (g Ta pap (4.4.2) 
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and Jp=-qDp (2-He) s+ (4.4.3) 


If there is recombination then the electron current responsible 
for replenishment of the lost electrons has to be taken into account 
to get the total current. 

Similarly, for the P-type semiconductor body, the built in 
field 


kT,.1. dNq 20" 
pa TN Ti “Vv, ue (4.4.4) 
where 9’ and Wp are the AETA field factor and base length 


of the P-type material. 


While'the zero recombination current equations on minority 
injection are ; 


dn n dN 
3n=4Dn ($2 +N “a ae) (4.4.5) 
and m=, (G+ n) ve (4.4.6) 


4.5 Transmission line Analogy 


It can be shown that the minority carrier transport through the 
graded semiconductor body is similar to current flow through a 


Rx dx ici Rxdx 


Fig. 4.5.1. Transmission line representation of an elemental length of the 
semiconductor, 


tapered RCG transmission line. In such a transmission line if R, 
and C,, are the resistance and capacitance per unit length respectively 
at x, and y the voltage across the line as shown in Fig. (4.5.1), the 
voltage change in an infinitesimal small length dx is dv= - iR,dx 

1 dv_ Cm. YVolts. 
R dx” Ohms Cm = Amps if ss (4.5.1) 


or i= 
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z= pa = Soplembys volt se (4.5.2) 


Substituting for v from (4.5.2) in equation (4.5.1) we have 


i 1 (Q.dC,_ dQ, ; 
imme ae (4.5.3) 
Write equation (4.4.2) as 
GAP, dNa _ d (Ap) $ 
i=D,|- Re Te- | (4.5.4) 
Substituting by inspection of (4.5.3) and (4,5.4) 
D,= Rc. Cm?/sec. | 
b o Farad p 1 dNal it dC, 
Na e Cm O Ny ae ~ > pita Hi) 
and gAp =Q, Coulomb 
in Equation (4.5.4) we have 
p a l [Q dC, dQ, 
i= Re lege Sra «a= (4.5.6) 


See that the equation (4.5.6) is the same:as equation (4.5.3) 
showing that the per unit length resistance follows the impurity 
concentration, and capacitance inversely follows the impurity con- 
centration. It is meant, therefore, that zero built in field implies 
uniform doping and hence analogous with the uniform line. 

The diffusion term in the current flow equation may originate 
either from recombination or due to the presence ofa sink or due 
to both these causes, But in our current flow equation (4.5.4), the 
recombination part does not appear explicitly, therefore the leakage 
conductance G, per unit length, which ‘stands for Tecombination, 
did not enter the equation (4.5.6) or (4.5.3) in explicit form, 


To examine this point further we set up the time dependent 
current equation for the transmission line as follows. 
From Fig. 4.5.1 we have 
; é 
i= 2 (Cz 0x.) = Crow E 


| < (4.5.7) 


and i,=G, ôx 
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Using Kirchoff’s law we have from Fig. 4.5.1 
see op eee 
Gre Wen (4.5.8) 
hence -isi +i, 
Substituting (4.5.7) in equation (4.5.8) and dividing by ôx we 
have 


- #4 6, + Gap (4.5.9) 
Using equation (4.5.2) for v in (4.5.9) and rearranging terms, we have 


Qa 8 Qa 
SP a CGO) s+ (4.5.10) 


Substituting for Q,= qAp and T,=C,/G, in (4.5.10) and dividing by 
(Aq) throughout we have 


ap 
i -i -5 te (4.5.11) 
This equation can be compared with equation (3.5.12) and seen 
that the transmission line continuity’ equation gives the semi- 
conductor medium current continuity equation. The above 
considerations thus. undoubtedly establish» the identity: of the 
transmission line and minority injected’ semiconductor body meaning 
thereby that the semiconductor body is entirely passive medium. 


46 Minority carrier distribution 


The recombination devoid model would give us. a; carrier 
distribution along the sample length as shown below. The: current 
is entirely minority carrier current and from equation (4.4.2) 


dp, p dN 
Jp= ~Dea (ti Ge) w+ (4,611) 
which can be integrated, regarding Jp as constant in space, 


ies, ae 0 as needed for this model as 


| JaNe dx= -Daa J 4@Na) 


Jp MS 
or P=- Da ; Na tNa (4.6:2) 
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where the integration constant C is to be evaluated from the 
minority concentration value at the boundary at x= W in F. ig. (4.2.1), 


which is the metal semiconductor ohmic contact sink, hence p= 0. 


w 
Thus C becomes C= 5 [Na ax nt (463) 
Substituting (4.6.3) in equation (4.6.2) 
w 
Na dx 
~ J,? 
p= Dog Na + (4.6.4) 


Note that to find p and x, integrate from W to x 


at x=0, P = Po then we have 
w 
Jn dx Rey ht 


“A 


Jp 
= DogNae 


From (4.6.4) & (4.6.5) we have 
wW 


Na dx 
a a {Nae\ 2 
P= Po e ee “+ (4.6.6) 


20 
For our assumed simple exponential doping Na =Na (e) 


we have on integration and re-arrangement 


2 sinh a(t -ġ) 


P=Poe™ A so (4.6.7) 
expressed in terms of current from eqn. (4.6.5) 
-(-¥) 
> WW e TEES i 
p-p — sinh [o(1-¥)] (4.6.8) 


In the recombination devoid model J, is the total current 
and is constant along the sample length, Equation (4.6.8) enables 


7 
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one to visualise the excess minority concentration variation 
along the sample length for different values of 9, the built in field as 
a parameter, on the assumptions that in all cases the same current is 
flowing. This is shown in Fig. (4.6.1). 


0.2 .4 6 8 1.0 
(x/w) —> 


Fig. 4.6.1. Concentration variation of minority carriers in 
no recombination case. 


Note that in zero recombination model, the diffusion limited 
flow (9=0) gives a linear fall of excess minority carrier concentra- 
tion. As 9 that is the built in field increases the gradient of 
concentration decreases in the semiconductor body, particularly 
very fast, near the injection end. At 9=0 for over 80% of the body the 
concentration is nearly constant meaning that over that region 
current flow is due mainly to drift of carriers, while for all values 
of o the excess carrier distributions coincide with that for the diffusion 
limited case near the collection end. This is because the excess 
concentration there, is tending towards zero hence the field current, 
being proportional to the concentration, is also becoming nil yielding 
place to diffusion entirely. 

It is also seen that increasing the built in field above that for 
@=4 does not appreciably increase the drift region in the diode. 
Hence in practice 0 =4, is the highest value for 9 one uses, 
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4,7 D.C. current voltage relation 


We can now find the d.c. current voltage relationship for p-n 
junction diode. For the current due to injection of minority carriers 
in n-type body we write from equation (4,6.5) 


J, = DpdNacPo e CHAD) 


The excess hole concentration Po at the boundary at x=0 in 
Fig. (4.2.1) from equation (3.3.11) 


Po= Pno(etVT — 1) e (47.2) 


From equations (4.7.1) and (4.7.2) setting peo. Nae= n4? 


JI,- Deane EE w+ (4.7.3) 


Js dx 


Similarly, for the current due to simultaneous injection of electrons 
in the p-type body, on the left in Fig. (4.2.1), can be written 
like (4.7.3) 

—_Dngn;?(erVekT — 1) 


Jn (4.7.4) 


Wp 
[ N, dx 


~The minority holes in n-type body are flowing from the junction 
boundary x=0 to the right-hand ohmic contact x=W while the 
minority electrons in p-type are moving from the depletion boundary 
on the left x’=0 at A to the left-hand ohmic contact at x=W, 
Hence the two current contributions are additive Hence the total 
current in p-n junction diode can be written, by multiplying by 
collection area A as 


LaIy+Ip=gntA(eavert L fy Dp, v] ves (4.7.5) 
[Node | Ne adx 
1o 
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with Io- Agn [+t] (4.78) 
[na dx { Na dx 
o o 
Equation (4.7.5) can be written as 
I=I,(ea¥ee? — 1) < (4.7.7) 


4.8 Injection Efficiency 


Our main object is to inject a type of carrier and their control 
hence we define the injection efficiency as the ratio of injected useful 
current to the total current as 

I 1 
Y-7- "7 ww we Sa (4.8.1) 
n 
1+ p| | Na axi | Na dx] 
o o 


From equation (4.8.1) we see that by making the total number of 
acceptor atoms on P-side very much larger than the total number of 
donor atoms on N-side the injection efficiency can be improved to near 
unity value, In that case the diode current will be mainly minority 
current holes flowing in the n-type base bulk. 


4.9 Solution of continuity equation 


We need to examine the effect of recombination as also the 
effect of variation of the injection level at the boundary. So, we 
should take a time dependent equation containing the recombination 
terms. The continuity equation (3.5.12) for flow of holes in the 
n-type base reads, 


ato q dx T, =e (4.9.1) 
From equation (4.4.3) we have 
dp 20p 
z-De- P| «z: (4.9.2) 


dp_p (2P _29dp)_ P 
dt D, dx*~ Wdx| ` T, (4.9.3) 
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For electrons in a p-type medium a similar equation can be found 
from equation (3.5.13) and (4.4.6) as 


dn_ d'n 26 dny in 
di” Do (ax + Weds) T; ; nan 4.) 


For an n-type medium we solve for equation (4.9.3). The excess 
concentration at any point can be steady (d.c.) or fluctuating (a.c. 
superimposed on d.c.). We, therefore, write 


P= Pact Pao =Pac + pei” + 4.9.5) 
For the d.c. case, the equation that applies will be obtained from 
equation (4.9.3) as 
=D, (4:Pac_ 28 4Pac) _ Pac h 
o=Dy ( pe et s+ (4.9.6) 
For the more general case we have from equation (4.9.3) on substitu- 
tion of p from equation (4.9.5) 


d, d’ d’ 20 d 
he- Dp [ Bere Pas W dx (Pac + pao) | 


-Bae _ Pao «ee (4.9.7) 


Ty Tp 


In this equation the terms containing pg, satisfy equation (4.9.6), 
that is, they equate to zero, leaving the a,c. equation only, i.e, 


dq d* d ac 
ipae a D, [E Pae -38 Apac) Bae st U99) 


which with pae = P p eit reduces to 


*p_29 dp 

jop= -o[4Z- w al- n a S 
Note that equation (4.9.8) can be solved with a.c. boundary conditions 
alone without any attention to the d.c. boundary values, Also note 
that the form of equation (4.9.9) reduces to that of equation (4.9.6) if 
in equation (4.9.9) œ is set to zero, therefore we write equation 
(4.9.9) as 


d*P _29 dP]_ P Wi 
joP =Dy las Set Wels (4.9.10) 
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and bear in mind that after solving for P the solution can be used 
for both d.c. gn a.c. In the former set œ= 0 and P= pa, while in the 


latter set P= P- 
« ‘Equation (4.9.9) can be rewritten using Dp. Tp = =L,? as 


1+joTe)_d*P 29dP 
pil+JoTo) _ 1 p) AR 2 os ws (49.11) 


Substituting for HAI with a° , e. (4.9.12) 
equation (4.9.11) becomes 
dx? W dx 
For the d.c. case a* = 1/L,?, while for the a.c. case 


a° =(1+joT)/Ly* 


Using the solution of the form e™* and solving for the roots,.the 
solution of equation (4.9.13) may be written as 


_20dP_spig rl (4.9.13) 


D 6 $ Reis 
P=eW (Ae + Be. W") apoti (49.14) 
where y=(0°+a°W?) 
Next we need to evaluate the constants in equation (4.9.14) from the 


boundary concentrations. At x=W, both pa, or p are zero hence 
P= 0 while at x=0, say, P=P,. , For a.c. case solution we will use , ; 


Po =Po = jy Po Y 


obtained from equation (3.3.9) with Po = Pno (exp qv. Š 1) from equa- 
tion (3.3.10). For d.c. case solution substitute 


Po =Po = Pno [exp (qVe/kT) - 1)] from equation (3.3.10) with the 
aid of these boundary conditions equation (4.9, 14) can be expressed as 


EG sinh y(t -—x/W) 
P=P, ew a baer | ws (4.9.15) 
From this equation the d.c. solution can be written as ; 
Pae=P= Prolexo(gve/kT —1)e¥ [Sh vox]... (49.16) 
o 
where y.*=(9*+ W2/Ly?) sss (4.9.17) 


a a i a SE EN OS 
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Similarly the a.c. solution can be written as 


p= Yeda fexp (@V/RT)—1)]e"="™ bails IW). ais 
phere: y*=[97+(1+joWs)W*/Ls* cee 


-v fi wane Pe w+) (49.196) 


4.10 General expression for Current 


‘ We have obtained the general expression for the excess concen- 
tration variation along the sample length as 


shy nw [sinh y(1 — x/W) Ee 
P-P eW raa ake (4.9.15) 
and we have minority hole current as 

Iy= Dog [4 - P| sates (4.10.1) 


Substituting the expression for P from (4.9.15) and simplifying 
we have, 


Pa A W o sinh y(1-x/W)+y ah (1 _ x/W)] 


-Po iy 


This is the general ‘expression for current. It is a function., of 
position because there is recombination and so 
it dj 
aly 

ax #9 
To find d.c. current at x= 0, we put o= 0 and x=0 in equation (4.10.2) 
with P, =Po = Pnolexp (gV./kT) = 1] and hence 

Igo Po Dea (6+ yo coth yo) ‘ee > (4.10.3) 

To find d.c. current at x=W, we put o=0 and x= W and 

P, =p, to obtain 

Ip = SPDM atts. =: (4.10.4) 


. The recombination P d.c. electron current must be 
1,(x) =I. - 12) aww (4.10.5) 
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For a.c. current at x=0, put x=0 and 


P.=p,= Ke -Po -V in equation (4.10.2) to have, 


ina A f Do Doty coth y) (4.10.6); 


Similarly for a.c. current at x= W, substitute x= W and 


Po=po= ZF Po” in eqn. (4.10.2) to obtain 
Ag.> vD,g. ey ws (4.10.7) 


The recombination replenishing a.c. electron current must be 
i,(x) =i, — i,(x) ++ (4.10.8) 


4.11 Transport factor 


In general we can define the current transport factor as the 
ratio of minority current at collector to minority current at the 
emitter. Then the a.c. transport factor can be written from equation 
(4.10.6) and (4.10.7) as i 

Beg soe wel 

ki iy, 6 sinhy +y cosh y 
while for d.c. transport factor, we have from equation (4.10.3) and 
(4.10.4) or from (4.11.1) for »=0 
L A ENE Ns 

a sinh yo + wo Cosh yo 
In the above equations 
. W? 
P'le + (+ joT W/L" [yot + jor] 
D> 
and y,?=[67+W?/L,*] 
and from eqn. (4.1.13) 9=WgE/2kT s+ (4.11.3) 
which is a measure of built-in field, 


Equation (4.11.2) indicates that ao is less than unity but so 
long W/Ly < 9 which is a relatively easy condition to Satisfy, ag = 1. 

Thus nearly satisfying this condition one can have effective d.c. 
transport of minority carriers, The diffusion limited flow case hez 
e =0 case will be dealt in the next section, 


(4.11.1) 


(4.11.2) 
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4.12 Diffusion Limited Diode d.c. case 


When the diode body is uniformly doped, the built-in field is 
zero (9=0) and the minority carrier flow is mainly diffusion flow. In 
this case, the built-in field is zero, so that the carriers are not accele- 
rated and hence the average motion of the carriers is slow providing 
more opportunity for recombination. This is why we refer to the 
diffusion flow case as the highest recombination case. 

In this case, we can get the excess hole concentration variation 


along the n-type sample, from equation (4.9.15) with 9=0 and P, = Po A 
for the d.c, situation as 


Pa Poe pe—sIW)] s+ (4.12.1) 


p sinh (W/Ly) 
The nature of this variation, shown in Fig. (4.12,1a) can be easily 
understood if we examine the two extreme cases W > Ly and W € Lp. 
In the first case, equation (4.12.1) simplifies to : 


Reverse 
ias 


Fig. 4.12.la. Excess and deficit parts of Minority carrier variation 
in forward and reverse bias respectively 


P= poep vs (412.2) 
while, in the second case, equation (4.12.1) simplifies to : 
P=Do (1-x/W) “+ (4.12.3) 


For W > Ly we see that the concentration variation along the 
sample is exponential and justifies the definition of Ly, the diffusion 
length. In the (narrow base) W < Ly, we see that the concentration 
decreases linearly with distance. This diode is of more practical 
interest than the former because as we shall see in a later section, 
the transit time of minority carriers can be made small by decreasing 
W, the width of the base within practical limits. 
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For the reverse biased diode, the total’ concentration at the 


boundary tends towards zero and p, becomes the deficit part of the 
carriers as shown in Fig. (4.12.1). \ 


x=0 X=W 


Fig. 4.12.1b. Minority carrier variation in reverse biased diode 


The reverse current is called the generation current, as opposed 
to the forward‘ current which is called. the recombination current. 
This is true for reverse biased diode but for forward bias case it is 
strictly true for wide base diode only. 


For the reverse bias case, the minority carrier concentration in 
the diode body is lower than the thermal equilibrium value, while the 
generation process tries to establish thermal equilibrium but the 
generated carriers flow along the concentration gradient towards the 
junction and hence gives current, 


To find out the expression for d.c. current we can either use 
d 
Ip= —AgD, 9° ses (4.12.4) 


with equation (4.12.1) or use equation (4.10.2) with ọ=0 and w=0 
to have 


is 
140)-ABeths | 281 FAOS. (412.5) 
Ly sinh WIL, 
The highest value of this occurs at x=0 and is 
Typ = 2. Po coth W/L, ves (4.12.6) 


Hence the majority electron current replenishing the recombina- 
tion loss is 


I(x) =Ip. = 1,(x) : + (4.12.7) 
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It is zero at the point of injection. and’ increases with distance 
by the amount, the hole current decreases as shown in Fig. (4.12.2). 


IptIn=TOTAL 


Ip(x) "REPLERISHING , Wy 


a, ' INJECTION 
Inge) _ use eee" Y 


Wp X=0 KT- 


Fig. 4.12.2. Both raeo current and recombination 
_ Replenishing current in the diode body 


__ A similar equation can be written for minority electron current 
variation in the p-type sample simultaneously. With’ the aid of 
equation (4.12.5) by replacing Lp by Ln, W’ by W, and D, by D, and 


Do! by. fo’ as a 
na- ADs [ee ed oe sy he (128) 
sinh (Wy/Ln) t ii 


vio La- minority electron diffusion length i in the ale region : and 
D, = diffusion constant in the p-type region. R 


„i The minority. electron current due to this injection ¢ can be 
written from peste (4. 12,6). At x'=0 te 


Ino = 2P. tg. coth Ws/Ln (4.12.9) 


Adding the current contributions given by equations (4.12.6) 
and (4.12.9) and using i 
Po = Pno exp (aV./kT- 1) 
tg = nvo XP. (QVe/KT ~ 1) 
‘and. PnoNa =n? =n90No 


(4.12.10) 
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we can write for the total current flowing as 
D, Da. Wy! 
[Na ENO Ta 
xexp (qV./kT-1) = (4.12.11) 


I=; + In = gAn? 


‘coth ™ 
coth L, + 


For the diffusion limited narrow base (W < Lp) diode equation 
(4.12.11) gives for the total current 


Tan? (y tna) exp (4V./kT- 1) ves (4.12.12) 
For this diode the injection efficiency can be written as 
yo wir. = |1 + (D„NaW)/D Na W3] ae (4.12.13) 


By making Na > NgW/W,’ unity injection efficiency can be 
approached and a hole carrier diode may be obtained. Conversely by 
making Ng > N,W,/W an electron carrier diode may be obtained. 
Thus we get a single type of current carrier diode. 

The d.c. transport factor for diffusion limited diode can be 
written, from equation (4.11.2) with @=0 as : 

1 

2o = cosh W/Ly 
which for the narrow base diode (W <L,) can be expanded and 
written as 

ao = 1—-(W?/2L5*) s+ (4.12.15) 
that is, in the narrow base diffusion limited diode, the transport factor 
improves rapidly as W decreases. 


(4.12.14) 


In this section it would also be worth considering the positions 
of the Fermi levels in forward and reverse biased wide base diodes. 
The variation of minority carriers in the wide base diode is exponen- 
tially related to distance as exp (— x/L,) while their concentration is 
proportional to exp- (Err - Ey)/kT, hence from the junction boun- 
dary into the body (Erp - Ey) should change linearly as shown in 
Figs. 4.12.32 and 4.12.3b. The majority carrier concentration being 
considered very high compared to the level of minority injection the 
majority concentration hence the distance (Ec-Erx) does hardly 
change in the same medium. Note that, likewise in the forward 
biased case in the P-medium the distance between’ Ery and Ec 
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increases as the carriers move away from the junction, linearly indi- 
cating exponential decrease of injected electrons while (Ey — Erp) 
hardly changes in this medium. Similarly, in the reverse bias case 
since the minority density increases from about zero at the junction 
boundary to the thermal equilibrium value far within the body 
exponentially so the distances (Erp — Ey) in N-type and (Ec - Ern) in 
P-type decreases linearly away from the junction boundaries. For 
abrupt junctions the potential changes as the difference of a square 
and a linear law with distance in the transition region. The concen- 
tration of carriers varies inversely as the exponential of this voltage 
so the gap between the Fermi level and the respective band edge also 
varies likewise which is not shown in these diagrams. 


Fig. 4.12.3a. Variation of quasi fermi level (MREF) 
in forward biased diode body 


Fig. 4.12.3b, Variation of IMREF in reverse biased diode body 
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4.13. A.C. Impedance of diode 


At very low frequencies the diode forward impedance is a 
resistance r, and can be found from equation (4.7.7) as 


1s 1 a4) = 


Te. Oe), hu 
Assuming that the diode is a single carrier diode we have 
Fagre s (613) 


At room temperature (300°K) for a d.c. current of I,,mA 


25 
"= I (mA) + Ohms see (4.13.2) 
At higher frequencies we can write equation (4.10.6) with equation 
(4.10.3) as 


Wp Oty coth y esd 
loom TEE Ve oo coth ve (4.13.3) 


from which we have intrinsic a.c. admittance of the diode using 
equation (4.13.1), as 
i 1 /o+ypcothy 
rey Wain aay ili Bald 8 a See 

vers ve r ‘2 coth e) (4.13.4) 
Intrinsic, because this excludes the transition region capacitance and 
the metallic header capacitance. of the diode. Equation (4.13.4) 
shows that as œ tends to zero y*,, tends to (l/r); so, we write 
equation (4.13.4) as 


1 coth y- yo coth 
+ l[i , ycoth y- yo coth yo w ; 
ye Hi ATT ] (4.13.5) 


Even in this form the frequency dependent term is involved as @ 
hyperbolic function of yo since 


y?=yo" [1+ jo W?/Dzyo 7] 


Expanding ycothy in a Taylor series expansion around 


jo=s=O0 and retaining only two terms we have 


y coth y=y, coth yo +s (coth Y a —y cosec*y ),-0 (4.13.6) 


2 
or (y coth yy, coth yo)= 20- oth. yo -cosech*yo | « (4.13.7) 
Eu che Berg ToS a Boi S eee 
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the region of convergence of coth y gives us the frequency 
D, 2 2 
@ < Wa (Yo +n") s (4.13.8) 


as the usable range of frequency. 


Substituting equation (4,13.7) in equation (4.13.5) with s=jw 
we have 


coth yo —cosech*y, ) 
y 


waf 
Pai rr coth yo ] e (4.13.9) 


Since Sinh 2y, > 2y, we have cosh y, > TTA 
o 


or cote > cosech*y,. 
o 


Therefore, the susceptance in y*,, is capacitive for all 
frequencies defined by equation (4.13.8) and this capacitance is 


wi come te =cosech* yo 
Cum apr — i | se. (4.13.10) 


In order to get an insight into the origin of this capacitance we 
examine in the following section the charge storage in the semi- 
conductor body and its withdrawal. 
Asa matter of interest, for diffusion limited diode the value of 
this capacitance, becomes with y,*=(o* + W*/L,*) and 6=0 
- ys Z coth 7 — cosech® A4 
"R a KaM ? ip 
Cu" Dr, [ W. ; 
L, 
For narrow base diode (W <L,), expanding? the hyperbolic 
terms in series and retaining two terms in each, we have 


eee (4.13.11) 
coth JY | 
9 


W? /2 w? 
Cut ap r (5 =D (4.13.12) 
forjwide base diode (W > L,) from (4.13.11) we have 
Ty, WS g VT 
Cas= 97, 1- Sah W/Le =o, (4.13.13) 
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In equation (4.13.10) note that as y, tends to large values 
coth yo — unity write cosech* y, — zero, hence 


Ca [W?/2D;reyo (0+ yo)] for © <1 and yo = 0o=4. We have 
» 


Ca = (W° 64D) = on D7, (c.f. equation 4.13.12) or in other 


words with increased built-in field the input capacitance decreases 
in value. 


Note that the diode input admittance is a parallel combination 
of a resistance and a capacitance. The lower is the value of this 
capacitance, the better would be the frequency performance of the 
diode. 


4.14 Stored and reclaimable charges 


We have introduced minority charge carriers in the semi- 
conductor body, during their transit both the neutralizing majority 
and introduced minority carriers were in the medium. We calculate 
the minority charge stored Qs and expect to find a relationship of 
this charge with the transit time Ts. Assuming, both drift and 
diffusion results in an average space dependent velocity © we write 


wW 
Ts f (dxi) vee (8.14.1) 
0 
while I,,=gA P7 s+ (4.14.2) 
From eqns. (4.14.1) and (4.14.2), we have 
wW 
Ta= jt | AP g dx= v ve (4.14.3) 
"E ve 
w 
since the stored charge Q, = fa P gdx + (4.14.4) 
o 


Substituting the value for p from eqn. (4.9.16) and integrating 
(4.14.4), we have 


ca 2 
Qs- A Poe Le” ig + Coth yo-yo € Cosec yo] 
(4.14.5) 
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while I,,= eD, [0+ yo coth yo] ve (4.1456) 


From eqn. (4.14.3) with eqn, (4.14.5), (4.10.3) and (4.11.2), we 
have 


Ta=T, (l-ao) s+ (4.14.7) 

Next we calculate the reclaimable minority charges that comes 

out from the two ends when the input voltage is stepped to zero 

from a steady value. For this, solve the continuity eqn. (4.9.3) for 

a step voltage down input to get the resultant hole concentration 

variation and its decay. For boundary conditions we know that 

before step input there was along the semiconductor body the excess 

concentration variation given by eqn. (4.9.16). After the application 

of the step the excess concentration at x=0 and x= W is zero for all 
times is assumed. 


The solution comes out as 


ay, = es Awr "nt +90") wi} os rax) 


na + Yo 2 
(4.14.8) 
The current transient i,, at x= 0 the input end, is 
di 
is (= -D aA (2) o (4.14.9) 


since p=0 at x=0 is being assumed with (4.14.8), Eqn. (4.14.9) 
gives on using eqn, (4.10.3) 


=e n'n? 
ing (t)= (a+ yo coth yo) > pa atya? 
(4.14.10) 


But Qr, the reclaimable minority charge coming out of the 
emitter contact is 


tate (mr? +o?) D, tW? } 


Qre= =f- dt i (4.14.11) 


Nn = 
“(¥¥0 aay D. D: T+”) 


(4.14.12) 
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Summing the series using standard results given in foot-note, equation 
(4.14.12) gives 

In W: (cof vo Soth'yo '5 cosech* y, J 
- [ (4.14.13) 


Qee 6+. coth yo | 


For the minority charge that is coming out of the collecting 
ohmic contact we proceed along the same lines to find out 


'di 
in (= -AD (P) 


fe tye) Wa 


a 2 
~ ~2m 95 cath 93) 2: Leary) © 


* cos na | 
(4.14.14) 
” 
sia J ae ae a Yo) {= Da Yo Cya coth wo — 1} 
Using equation (4.11.2) 
ee 2,%° ee — r=] ve (4.14.15) 


J At this stage we are in a position to deal with the origin of the 
capacitances in the admittance expression (4.13.9). 
From equation (4.14.13) we can write, with eqn. (4.13.10) 


coth y 
3Qny_ 1 W? [ (22- A fo _ cosech? vo) 
DA SN 2D» (B+ coth go) ] 


(4.14.16) 


Comparing (4.14.16) with (4. 13.10) we conclude that it is the variation 
of the emitter contact reclaimable charge with voltage that is the. 
origin of the capacitance in the input admittance expression (4.13.9). 


ees 


The useful standard results are : a coth sa and Z (-1)". 
1 © 

agai“ za Cosech xa that may be reduced by differentiation with respect to a, 

ete. to sums the series in (4.14.12) and (4 14.14), 


P-N JUNCTION DIODE 115 


But me puree y st charge is a part of the stored charge Q, hence we 
find : 


Qr Ww? > [e coth wo — yo? cosech? ve] 

Q: TAA (L= a0) Yo? O+ Yo COth po 
as the part of Q, that is’ manifesting as due to an input capacitor 
Cas while the stored charge is due to finite life-time of minority 
carriers because infinitesimal life-time implies immediate recombina- 
tion and no charge storage. Capacitor arising from charge storage is 
known as diffusion capacitor. 

Similarly, we can find out the transfer admittance applicable to 

the study of transistor and defined by 


(4.14.17) 


wine pba azin “+ (4.14.18) 


with the sign convention that positive current is one that enters 
the ohmic contact from terminal that is the collector current 
i= Tyee 
From equation (4.10.7) with (4.10.3), we have for 
* = 14m, pci] 
Y 21= — kT’ © L@+y, coth yo) 


which can be written, on Taylor series expansion around s=0 i.e., 
Y=% With equation (4.13.1) and (4.11.2) as 


Parif- ets ve (re coth yo- 1)) = (4.14.20) 


(4.14.19) 


Since ġo cosh yo > sinh y, always, so ¢, coth y, >1 hence 
the susceptance in y*,, is capacitive and this capacitance is 


_ Wao Yo coth yo —1 BN f 
Ca- [ poiCOb vor) | (4.14.21) 


which can also be written using equation (4.13.1) in equation 
(4.14.15) as 


= $Q6, sey 
Cae av, (4:14,22) 
pointing to the fact that the capacitance in the transfer 


admittance is also arising from the variation of the reclaimable charge 
from the collector contact with emitter voltage. The fraction of 
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the stored charge that is reclaimable from the collector contact when 
the emitter voltage varies is from equations (4.14.15) and (4.14.6) 


Qro ar nE Wag, N 
Qs ~ 2Ls* yo* (I a) "° 
For example, for the diffusion limited (9@=0) narrow. base 
(W <L,) diode the transit time 


cothy,-1) ++ (4.14.23) 


Ty=Tp(l—ao)= W?/2Dp + (4.14.24) 
while total diffusion capacitor arising from stored charge is 
dQ,_Tu_ W? Mf 

Ca(total) = avy Lindt IDa (4.14.25) 


Ceo Qs=InTs) 
For this particular case, we have from (4.13.12) 
Cas = W?/3Dor, .-- (4.13.12) 


while expanding coth y, and cosech y, in Taylor series around 
Yo =0 and retaining only two terms of equation (4.14.17) we have 


Qa twee gneiss) og) 


rr tesa” Aa | Sie OO 
i l 3 
since (1 — ao) > W?/2L,°. 
And from equation (4.14.21) with a, = l 
Liy 
Coe [vols ciel wa es (4.14.27) 
Ce 2Dzr, Yo* 6Dpr. oo 
while from equation (4.14.23) 
Qro_ 1 X 
Q73 (4.14.28) 


Equation (4.14.26) and (4.14.28) show that im the diffusion limited 
narrow base diode 2/3 of the stored charge is reclaimable from the 
emitter contact and the rest 1/3 is reclaimable from the collector 
contact. This is why of the total diffusion capacitance in equation 
(4.14.25) of W?*/2D>r., a (2/3) appears as Ca, in equation (4.13.12) as 
'W/3Dpr, and the rest 1/3 appears as 


Cas=W?/6Dpr, (of equation 4.14.27). 
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From equations (4.14.25), (4.13.12) and (4.14.27) we can write 
TeCac = TB- TeC z (4.14.29) 


This is true for the diffusion limited narrow base diode. For the 
diffusion limited wide base nors (0=0 and W/L,S 1) we have 


with coth E =1 and cosech y vo from equations (4.14.17) and 
(4.14.23) since a, —> 0 


Y- 1/2 and Q RN m (4-14.30) 
while from equation a 14.7), (4.13.3) and (4.14.21) since 
T3—>Tp, Ca= Be ? and Cz, 70 «+ (4.14.31) 


showing that in this case half of the stored charge is reclaimable 
from the emitter contact and is responsible for the factor 

1/2 in Cag=Tp/2re since R -T H Te 
while none is reclaimable from the collector contact, meaning 
thereby that Cz,=0 and that the rest of the stored charge has gone in 
recombination. 

Equation (4.14.17) and (4.14.23) have been represented graphi- 
cally in Fig. 4.14.1 for different values of W/L, withọasa para- — 
meter. From this figure it is to be noted that 

(1) higher the built-in field less is Qr./Qs, hence Ca, and 
higher is the frequency for which the diode is usable. 

(2) Lesser W/L, is, lower is Cas hence higher is the diodes 
usable frequency limit even for values of 6 > 1 (c.f. equation 4.13.8). 


(a) It would be noted from Fig. 4.14.1 that for any value of 7, (1-b) 
increases with W/Lp. 

(b) And for any value of W/L,, (1-b) increases with 9. 

The reason for this is obvious and that a greater length of diode causes 
greater recombination during switching transient. 

For the last point, charges near the emitter end, to start with, were travel- 
ling towards the collection end but later in the transient period thay start travel- 
ling towards the emitter thus taking longer time for their expulsion causing more 
Tecombination. X 
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(3) For values of W/Ly)< 1, most of, the stored charge is 
reclaimable through the two contacts and the built-in field makes 
very little difference from the no built-in field case. This is the 
case with practical diodes, 


soneceeseeeme REPRESENTS 


REPRESENTS 
=== REPRESENTS 


Fractional reclaimable charges as related tothe, 
base field and base width 
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_ (4) For values of W/L, = 1, all of the stored charge is not 
relaimable through the two contacts and in general we can write 


pu Qes , Que AA 

Q. + Q. (4.14.32) 
where (1 — b) is the fraction of the stored charge which is lost in 
recombination during the switching transient. 


Because of the first three reasons the practical diodes are made 
narrow base only, for high frequency as well as high speed purposes. 


From equation (4.14.32) 
i Ri- bo Re +e ws (4.14.33) 
or re6Cao= bTs—r.Cae s+ (4.14.34) 
while for a practical diode b ~ 1, hence 
TiTe oT ve (4.14.35) 
where T.Cac= T3, and r,Cae=Ti1 ae (4.14.36) 


Lastly, the two approximate forms of intrinsic admittances that 
we have obtained can be written from (4.13.9) and (4.14.20) with 
(4.14.36) as ian 


baget -id +jo Tı) 


{ 


(4.14.37) 
War =p -ao tjo Tax) 


4.15 Switching Characteristics of P-N Junction diode 

We are now in a position to think about the transient behaviour 
that may be expected of a P-N junction diode.. In the last article 
we have seen that when forward current flows through the diode, a 
stored charge equal to the current transit time product is stored in 
its body. Obviously, if the diode is switched to reverse, bias as 
shown in Fig. (4.15.14), the stored charge has to be expelled out 
completely before the current stops.. As shown in Fig. (4.15,1b), 
when the diode was forward biased, the current that was flowing 
through the diode was V,/Ry=I}. Say at time #=0, the diode has 
been reverse biased. ; f š 

During forward bias there was a certain level of minority 
earriers at transition region: boundary, which was maintained by 8 
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KT tog Poe, that dropped across the junction. In 
‘nO 

article (4.14) we assumed that as soon as the forward voltage was 

withdrawn the excess minority carrier density dropped to zero. 


voltage V, = 


Fig. 4.15.1. P-N Junction diode switching transients 


Remembering that this was an ad-hoc assumption, we expect that 
on reverse bias the total minority carrier density. at the junction will 
take time for expulsion and decrease due to recombination until 
this falls towards zero through its equilibrium value, as shown in 
Fig. (4.15.1c). So long the minority carrier density at the junction 
boundary is above the thermal equilibrium value, the junction will 
behave as if it is forward biased and the voltage drop across it will be 
vaey= 5 log Pao). This period is called the charge storage 
phase. During this time the reverse current will be given by 
(X van) which is nearly constant, (since V; (¢) is of the order of a 


fraction of a volt) as shown in Figs. (4.15.1b and d). During this 
time continuous charge expulsion was occurring through both ends of 
the ‘diode and. this. continues even after V, (t) has: become zero: 
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Equations (4.14.10) and (4.14.14) indicate that the current expulsion 
occurs due to multiple time constants of which the largest time 
constant will persist longest. Hence we expect the reverse current 
of the diode to show an exponential tail, and thus the current decay 
is nearly exponential as shown in Fig. (4.15.1b). Even after the 
junction boundary excess charge has become zero the expulsion of 
charge continues until the boundary concentration is near zero and 
the full reverse voltage is established across the diode and only 
leakage current is flowing through it. In this we should remember 
that while reverse voltage is getting established the junction boundary 
shifts which speed up the expulsion of charges near the junction 
boundary causing the slopes of the junction voltage and current 
transients after to (see Fig. 14.15.1b & d) faster. 

The switching time of the diode is defined by (f, +'t,) where 
to is the steady current (In) phase time and t, is the fall time to 10% 
of this value. In a diffusion limited narrow base diode the charge 


stored ise Ip (c.f. equation 4.14.24) and the withdrawal is faster, 
z : 


larger Ip is, hence an optimistic fall time is 


Wa Ip bhg 
loth) = (mri (4.15.1) 
This time canbe even lower. than this in’ drift diode (c.f. example at 
the end of art. 4.13) and for 9 =4 it can be given as 


w? [i 
(ts +1) = gap, 5 vs (4.15.2) 


4.16 Charge Storage and Fast Recovery Diodes 

For both of these high speed diodes W (the base width) is made 
as small and the doping profile as good as the technology can achieve 
in conformity with reverse voltage requirement being obtained. The 
material Si in the charge storage diode is so chosen that the minority 
carrier life time is long (of the order of a microsecond and longer) 
such that in the storage phase of the transient switching period 
almost all of the stored charge is expelled out. This is achieved by 
doping the slice from both ends thus having a built-in field large on 
the ends on either side of the transition region i.e., virtually slightly 
slowing down the forward injection process. The net result is that 
the near exponential decay part of the time is very short and is of the 
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order of pico seconds resulting in fast falling pulse edge which is rich 
in harmonics. This diode has got other names, such as step recovery 
diode or snap-back diode. These diodes, therefore, find their use 
amply in harmonic generators and pulse formers used with trans- 
mission lines and cavities. 

In fast recovery diode, on the other hand, the storage phase is 
made very short by introducing recombination centers in the diode 
body. In order that the recombination centers be effective in the 
charge trapping, the diode body is at least of length Ly (hence charge 
storage is of the order of IpT,) and switching recovery time is propor- 
tional to the life time of minority carriers. Ofcourse, this method 
of introduction of recombination centers to decrease the carrier life 
time cannot be carried on indefinitely since the reverse current—which 
is generation current, increases—causing deterioration of the reverse 
blocking property of the diode. For fast recovery diode materials 
like GaAs, which are direct band gap semiconductors, are better 
suited. In direct band gap semiconductors in general, the minority 
carrier lifetimes are much shorter and so leads to ultra high speed 
switching. In Si practical recovery times of the order of 1 to 5n sec. 
and in GaAs of the order of 0.1 n second are achieved. 


Another variation of the fast recovery diode is a metal n-type 
semiconductor diode of the Schottky type. This is a majority carrier 
diode with very little minority charge storage. Secondly, the carrrier 
densities in metal being very large the relaxation time is very small. 
In this connection S.C.L. diodes are also to be mentioned whose 
speed is considerably faster than the P-N junctions. We shall discuss _ 
these after we have studied the metal semiconductor contacts. 


417 Avalanche breakdown and Zener breakdown 


The P-N junction reverse bias breakdown. is basically of two 
types, (1) the zener. breakdown and (2) the avalanche breakdown. 
We here discuss the avalanche breakdown first. Under reverse bias 
condition the field in the transition region increases and at large field 
strengths ~ 200 KV/cm, collision ionisation sets in. When collision 
ionisation sets in, one or a few carriers may have. started the process 
but initial ionisation created hole electron pairs are also accelerated 
and gain enough energy to join in. the process of further ionisation. 
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Thus this continnes and, in a very short time, the number of carriers 
created become very large and hence the word avalanche is used. 

The growth of the number of carriers produced can be visualised 
by the following argument, Say, one carrier produced m number of 
carriers by collision. Then (1+mm) number of carriers produced 
(1 +m)m number of carriers in the second round and so on, thus 
giving in a short time 


1 
1+ mtmtm te tha a ss (4.174) 


number of carriers. If m is at least one then the total number of 
carriers are very large indeed. Of course, if m is greater than unity 
then the series is a divergent one and could not be summed as above. 
But that does not deter us from visualising the phenomena now. 

For one sided abrupt junction the maximum field occurs at the 
junction (c.f. Fig. 3.1.14), Breakdown will obviously start at the 
maximum field region. The breakdown field E from eqn. (3.1.3) with 
x=0, and equation (3.1.6) 


LEE] 
le ~ [7252] vs (417.2) 


hence the breakdown voltage for one sided abrupt junction 
Eo B? ‘Vee 4, 
Va 24Na (4.17.3) 
Similarly, the breakdown ‘voltage for linearly graded junction from 
equation (3.1.15) is 


us 


V s HE £ B” "e, (4.17.4) 


The approximation that we are using is that for a given semi- 
conductor the breakdown field E, has a fixed value, This breakdown, 
field E, is expected to depend on the band gap, increasing with the 
increase of band gap. This is because breakdown starts when a 
large number of carriers are, brought from the. valence band to: 

; conduction. band. A detailed calculation gives for one sided abrupt. 
junction : 


v,~60 (B) 01Na) volts (4.17.8) 


where E, is in electron volts. 
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The breakdown field also depends on the radius of curvature of 
corners of junction. For a plane junction in silicon it is about 
2,5 x 10° volts/cm and in Ge 1,18x10° V/cm at room temperature. 
Also the breakdown voltage increases with temperature. This is 
reasonable because the hot carriers gain energy from the field while 
the mean free path /, shortens (c.f. art. 2.11) hence more energy is 
lost to cross the transition region of the junction, It turns out that 
the avalanche diodes have positive temperature coefficient of 4mV/°C 
for 8.2 volt range diodes which is exactly double of (—2 mV/°C) for 
the cut-in voltage of a forward bias diode. Hence one avalanche 


V <—— Reverse Bias voltage 


Reverse 
Current 


Fig. 4.17.1. Reverse breakdown I/V characteristics. The inset shows 
tunnelling of electrons from B to C 


diode with two forward biased diodes in series gives a very accurate 
temperature independent reference voltage with temperature 
coefficient less than 0.002% per degree celsius. The diode break- 
down characteristics is shown in Fig. (4.17.1). The breakdown 
region current can be approximated by an empirical relation of the 
form 


oron 
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where I, is the reverse leakage current, V, the applied voltage V,, 
the breakdown voltage and m is a constant equal to 3 for Silicon 
and Germanium. 


Zener breakdown on the other hand occurs when with reverse 
bias, the electrons in the depletion region of the valence band of the 
P region gain sufficient energy to directly make a transition in the 
conduction band of n region, known as tunneling (see inset of 
Fig. 4.17.1). To make such a transition, electrons have to either 
mount a potential barrier energy height AB or penetrate a potential 
barrier width BC, If the electrons penetrate through the barrier, 
we speak of tunneling of electrons to occur. The smaller this 
thickness is, the higher is the probability of tunneling, On the 
other hand, lower the transition region width smaller would be this 
thickness, Small transition region width occurs with higher doping, 
Hence there is a limitation on doping level above which tunneling 
will occur. This limitation makes tunnel caused start of breakdown 
to occur for diodes having breakdown voltage less than (6 E,/q) = 
5 volts in Ge diode and 7.5 volts in Si diode. In Si or in Ge, around 
these values there can be some uncertainty and normally some margin 
is accepted. For example, 4.8 volt zerners have tunneling started 
breakdown while 8.2 volt are avalanche diodes, It is to be 
remembered that though tunnelling starts the breakdown mechanism, 
ultimately avalanche takes over and avalanche occurs in all cases 
of breakdown of P-N junction diodes. 

Zener hence tunnel caused breakdown voltage has negative 
temperature coefficient, This is expected since increased temperature 
causes the particles to have higher energies, hence at lesser reverse 
bias, they obtain the required probability of crossing the barrier 
width. 


4.18 P-I-N Diode 


A P-I-N diode is a P-N junction with a high resistive, either 
intrinsic. (i) or slightly n-type (v) or p-type (x) layer sandwiched 
between p and n type materials, The impurity distribution, space 
charge and field distribution in p-i-n and p-n-n diodes are shown in 
Fig. (4.18.1). Because of very low doping the entire i-region is 
usually depleted even at zero bias, Under reverse bias the depletion 
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region extension does not increase appreciably because of heavy 
p and n dopings on either side and most of the voltage drops in 


J 
Gi i 
\ i 
F DOPING LEVEL } 
(b) i 


FIELD DISTRIBUTION 
(d) 


Fig 4.18.1. (a) P-I-N Diode, (b) Doping level, (c) Space charge and 
(d) Filled variation in it are shown. 


the i-region with consequent increase of field there. Therefore, the 


reverse. bias capacitance 
decreases little from _ its 
unbiased value as shown in 
Fig. (4.18.2). Since the 
variation is small so, (C/C,) 
appears linear over the voltage 
range. 

As the reverse bias increases 
the series resistance decreases 
rapidly towards an asymptotic 
value corresponding to the 


contact resistance plus the 


Ro AND Co ARE o 
ZERO BIAS SERIES § 


-600 V -300 V 
REVERSE BIAS <— 


Fig 4.18.2. Shows variation of 
Teyerse bias capacitance and 
Tesistance normalised to 
zero bias values 


resistance of the substrate as shown in Fig. (4.18.2). The breakdowa 
voltage V;, of a p-i-n diode is approximately (W.E,,) where Em is 
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the maximum electric field at breakdown. For Si, Em ~ 2x 10” V/cm 
hence for 


W-=30 microns Vj, = 600 volts, 


Under forward biased condition holes and electrons are injected 
by the p and n regions into the i-region. The current crossing from 
p to i is entirely hole current, similarly that crossing from n to i is 
entirely electron current, The i region is flooded with electrons and 
holes so the conductivity of the i-layer is greatly increased in 
proportion to the injection level hence Proportional to the d.c, 
current flowing (c.f. equation 4.12.6). Hence the resistance of the 
i-layer will be inversely proportional to forward current (Ip). 

Because of these forward and reverse characteristics the p-i-n 
diode finds wide application in Microwave circuits, It can be used 
as a MW switch with essentially constant depletion layer capacitance 
and high power controlling capability. The switching speed is 


Fig. 4.18.3. Equivalent ciruit of P.I.N. diode. (a) Forward bias, (b) Reverse 
bias case 


approximately (W/2v,) where vs is the saturation velocity in the 
intrinsic region. In addition a p-i-n diode can be used as‘a variable 
attenuator (variolosser) by controlling device resistance under 
forward bias by varying forward current. It can also be used as a 
modulator to perform signal modulating functions upto GHz range. 


The approximate equivalent circuits under forward and reverse 
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bias are shown in Fig. (4.18.3). In this figure the subscripts s for 
series, j for junction, h for header and p for parasitic are used. 
To use the diode as microwave switch it is connected across the 


wo 
keJ 


8 


Cs 


= 
© 


Insertion Loss, db —> 


(a) 


(b) 
Fig. 4.18.4. (a) Transmission line with diode, (b) Typical performance of 
shunt P.I.N. switch 


transmission line in shunt (a series connection is uncommon) and to 
have improved performance one shunt Lp and a series C, lumped 
elements are used with the diode as shown in Fig. (4.18.4a). The 
elements Lp and C, are chosen such that on forward bias C, is series 
resonated with L, thus giving the required isolation and on reverse 
bias Ly is parallel resonated with (C+ C;+C,) to reduce insertion 
loss. In practice Ly and C, cannot be chosen independently since 
they interact but when properly chosen typical result as shown in 
Fig. (4.18.4b) is obtained. It is seen that the isolation peaks and 
insertion loss dips at the resonant frequency fọ. The resonant Qand 
general shape of the curves can be computed from the approximate 
equivalent circuit and L, and C, values, 


Problems 


4.1. Calculate the reverse saturation current of a P-N junction 
narrow base diode doped to level 10*"/c.c. in the emitter bulk 
of N-type: and 10**/c.c, in the base body. Assume a diode 
diameter of 10 microns D,,=50 cm*/sec and a life time Tn=0.5 
microsecond. Give reasons for finding experimental values of 
leakage current orders of magnitude larger than this calculated 
value though the diode parameters are typical ones. 

[ Ans. 2.826 x 10-2° Amp. ] 


LS Sa; 
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4.2 


4.3. 


-4.4 


4.5. 


4.6. 


4.7, 


4.8, 


4.9. 


4.10, 


4.11. 


Explain how leakage current versus reciprocal of teemperature 
T plot can give band gap of the material of the diode. 

Calculate the transport factor a, for a narrow base diode 
W=0.1 Ly and an wide base diode W =2L,. 

Ans, “995 and 0°27 


Calculate the injection efficiency of the n-p junction diode of 
problem 4.1 above having other physical parameters as Wp =2 
microns, W,,= 200 microns and Dp = 20 cm*/sec. 


Quote a numerical value for the small signal voltage 
across a p-n junction diode. Hence calculate the small signal 
r.m.S. current through the diode for 1 mA d.c. current, 
Calculate at 1 MHz the a,c. impedance of a p-n junction 
silicon diode at 1 mA having a base region built in field 
of 200 v/cm, width 2 microns, base diffusion length 20 microns 
and minority carrier life time 2 microseconds. 

Find the a.c. impedance of the diode of problem 4 above if 
the built in field is zero, Compare the values of the diffusion 
capacitances, What is its value if the diode was a wide base 
one ? 

Find the low frequency transport factor for the diode of 
problem 4.6 above, Hence calculate the minority carrier transit 
time through the diode. Compare its value with minority 
carrier life time, 

The p-n junction diode of problem 4.6 above is switched from 
its forward conducting state of 10 mA to a back bias voltage 
of 20 volts through 1 k ohm resistor, Estimate the switching 
time of the diode. 
Ans, 0,5 x 10-® secs, 

Calculate the breakdown voltage of a Si diode having emitter 


doping 10+"/c,c. base doping 10**/c.c,, Assume a breakdown 
field of 2.0 x 10° v/cm and a dielectric constant of 12, 


Ans. 134 v. 


Calculate the reverse bias breakdown voltage of a p-n junc- 
tion diode of emitter region doping 5 x 10*°/c.c. while the base 
region doping is 5x10** exp (-4.6x/W), where x is in 
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4.12. 


4.13. 


4.14, 


4.15. 
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microns, Assume. a dielectric constant of 12 and base 
thickness of 5 microns andthe breakdown field of prob. 4.10. 


An n-type semiconductor of: length L has a-d.c, voltage V 
applied to the ohmic contacts at the ends. A unit impulse of 
minority concentration has been put inat x=0and time #=0. 
Show that the concentration at a distance x at time ¢ is given 
by 


p(x, = exp (~ t/t) exp [= (x= uyEt)*/4Dyfl/(AnxDot)* 


where E=(V/L). Note the impulse has become a Gaussian 
distribution moving and spreading with time and decaying with 
a life time zp Hence find the location of the peak of the pulse 
at time f=f, and its velocity as uE. 


A point contact probe at x=d properly biased through a 
resistive load shows a voltage developed across the load if the 
pulse of problem (12) aboye is observed on an oscilloscope. 
Show that the time delay (ôt) between the peak voltage and 
(l/e) of the peak value is related to the minority carrier 
diffusion constant D,=(y,E)® x (5t)?/16 to where to =(d/y,E) 
is large compared to (ôt) and exp (— ôt/tp) = 1. 


Show that the integral of the quantity p(x, t) exp (-t/z») 
of problem (12) above over the entire physical length of the 
semiconductor (assuming it to be large) is unity. Explain 
the implication of this, 


Establish that natural logarithm of the pulse height versus 
the time to of flight for different positions of the probe of 
problem (13) above gives a straight line of slope (1/r»). 


Hint: The voltage is proportional to the number of carriers 


4.16. 


collected of the ones that survives recombination until the peak. 
comes under the probe ; hence it is of the form exp (— to/ry). 


Formulate an experimental method based on problems (12) 
to (15) above for the measurement of minority carrier 
mobility, diffusion constant and life time. This elegant 
method is the celebrated Haynes Shockley experiment (cf. S. 
Wang, p. 290—294). 
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4.17. Illumination of a semiconductor surface generates excess 
carriers, If the rate of generation is G, the recombination 
velocity is y,, the light is non-penetrating (all light is absorbed 
very near the surface) that is, the absorption coefficient is large 
=10*/cm and higher and the surface is an extended one, 
write down an expression for the dispersal of the excess 
minority carriers on (1) the illuminated surface at z =b, (2) on 
the unilluminated surface which is at z=0, as shown in 
Fig. (4.17.2). 


(1) D, 42: =G- —vsp, at z=b. (2) Dy {P= vp, at z=0. 


4 Incident Radiation 


Fig. 4.17.2. Shows the dimensions of the semiconductor 
with light incident on the surface 


4.18. Write down the expression for the minority carrier dispersal 
within the bulk semiconductor of problem (17) above assuming 
uniform illumination and the x and y demensions large. 
(Neglect any electric field in the bulk), 

Ans. (6p,/8t) =D,5(6*p,/52*) — Ps/t> 
4.19. Assuming that the carrier generation is caused by light pulses 


p= Í pi exp (=sf) dt and a? =(1 + sty)/Dytp 
0 


find p along z direction in the bulk semiconductor using the 
boundary conditions of problem (4.17) above. 


Ans. p=G[D,a cosh az + vs sinh az]/s[(Dp2a* + vs) 
. sinh ab + 2v;Dpa cosh ab] 
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4.20. Find the steady state solution of minority carrier distribution 
from the result of problem (4.19) above and hence the steady 
state change in sample conductance by 

be 

(o80)= | | Capstun + up)dedx/a) 

o o 
measured between the faces perpendicular to y separated by 
a distance d the sample width being c. with Dptp= Lp*, 
B=(Dp/Lpvs) and cq(un + up) = A. 
Ans. (68)=AGL,[cosh (b/Lp)— 1 +g sinh (b/Ly)]/ 

av,[(1 + 8°) sinh (6/Ly) + 28 cosh(b/Ly)) 
4.21. Show that for (b/L,) > 1 in problem (4.20) above 


AG/1 v 
(680)= 7 te +E) 
while for (b/Ly) < 1 
(680) = [AbG(p + b/2Ly)]/ave[(1 + B)b/Liy + 26] 


4.22. Show that if by, & 2Dp ; (6g) = a E i: re] 


corresponding to the second case (b/Ly) < 1 of problem (4.21) 
above. 

4.23. Show that the time decay of the generated carriers of 
problem (19) above is dominated by an effective largest time 
constant given by (1/zoys)=(I/zp) + (2vs/b). 

Ans, Find the poles of » along the imaginary axis of the s 


plane and find the roots, the first root being + (2v:/Dpb)? 
while the subsequent roots are +(n-1)"/b for n=2, 3, 4,--- 
etc, Hence find the decay time constants from the time 
dependent solution for p,(t) obtained by using contour 
integration and residue theorem, 

4.24. A photon stream of average power P at mean optical frequency 
f incident on a semiconductor gives a photo current I. Find 
the ratio of average number of excited particles (electrons or 
holes) to the average number of incident photons per second. 
What would you call this ratio? On what factors does it 
depend ? 


Ans.. Conversion or quantum efficiency. 


Chapter 5 
METAL SEMICONDUCTOR JUNCTION 


In this chapter we shall deal with the simple theories regarding 
the metal semiconductor junctions as well as some special devices, 
such as, the Schottky diade, Varactor diode, and space charge limited 
diode, 


5.1 Elementary Theory 

The information that metal semiconductor junctions can show 
rectifying properties was known since 1874. In 1904 Prof. J. C. Bose 
used these junctions for radio wave detection, though an workable 
theory was not formulated until Wilson formulated the transport 
theory of semiconductors in 1931. 

The theory that was used till the sixties, though do not work 
well, satisfactorily explains many experimental facts for certain 
combinations of metal and semiconductors. For this it would be 
worth discussing the previous theory and its present more improved 
form. 

It is known to us that by work function (gm.4) of a metal we 
mean the work needed to take an electron from the Fermi level (that is 
where their energies are) of the metal to the vacuum level, meaning 
thereby that it has overcome the influence of the metal. But when 
when we speak of a semiconductor, the above definition is not 
applicable since electrons reside in the conduction band and not on 
the Fermi surface. Hence the energy needed to take an electron from 
the conduction band to the so-called vacuum level is called bya 
different name, ‘the electron affinity’ (q. \,). Though the above formal 
definition of work function does not apply for semiconductors, still 
the energy difference between the vacuum level to the Fermi level is 
loosely used by the work function (ps.q) of a semiconductor. Hence 
for semiconductor 


gs= Wet (Ec-Ex)/9 ses aes (5.1.1) 
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Depending on the relative values of the work functions of metal 
and semiconductor and that a semiconductor can be of two types 
n or p, four distinct cases can arise. These are as follows : 

(a) Metal and n-type semiconductor having gpm > 4ps 

Fig. (5.1.1a) and Fig. (5.1.1b) show the energy level diagrams of 
the metal and semiconductor before contact and after contact. On 
contact electrons from the semiconductor enter the metal, leaving 
fixed positive charges behind. Thus the semiconductor lowers. its 


VACUUM 


QVb=(tm-$s)9 
VB 


(b) 


Fig. 5.1.1. Metal, N-type Semiconductor ¢,, >, (a) far removed, (b) on 
contact, (c) on forward bias, (d) on reverse bias 


energy by simultaneously lowering its Fermi level (F. L) such that it 
is at the same level as the Fermi level of the metal. This brings in a 
field which becomes as much strong as is needed to stop further 
charge migration and an equilibrium is reached, Deep within the 
body. of the semiconductor the difference in energy between the 
Fermi level and the conduction or valence bands remain unchanged, 
At the contact the F.L, is lowered by 4 (Ym) resulting in the 
diffusion potential (y,-9,). The positive fixed distributed charge 
in the semiconductor holds a sheet of charge of electrons on the 
metal giving the total charge neutrality. The direction of the 
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field at the contact is negative. The space charge region thickness 
depends on the donor concentration and the junction can be 
regarded as one sided abrupt, under equilibrium condition the net 
current crossing the junction is zero. 


If the metal is made positive with respect to the semiconductor 
the barrier height and width are reduced as shown in Fig, (5.1.c) and 
if there is unlimited supply of electrons in the conduction band of the 
semiconductor, then the current can increase with voltage continuous- 
ly. If, on the other hand, the metal is made negative with respect to 
the semiconductor, then the "barrier height and width increases as 
shown in Fig. (5.1.d). Since the concentration of electrons at the 
contact in the conduction band is N, exp [—4(¢m—- {,)/KT] and is 
fixed, therefore, for metal semiconductor combinations for which 
aldm- Nis) is appreciably large (0.3. ey) the current will be limited. 
Therefore, this contact will be called a rectifying contact, 

(b). Metal-n-type semiconductor gém < 4¢s 

Figs. (5.1.2a) to (5.1.2d) show the energy bands in metals and 
semiconductor before contact, after contact, metal side positive biased 
with respect tothe semiconductor side and the metal side negative 
with respect to the semiconductor respectively. 


Before contact the metal Fermi level was at higher energy than 
that of the semiconductor, so electrons spill from the metal to the 
semiconductor on contact. The negative space charge at the semi- 
conductor side of the contact keeps itself bound to the positive sheet 
charge on the metal surface. A field is brought into existence which 
becomes ultimately strong enough to stop electron migration, the two 
Fermi levels are equalised and equilibrium is established... Thus the 
accumulation of mobile electron charge occurs on the semiconductor 
at the contact, the magnitude of which is larger than that in the bulk 
semiconductor and this accounts for the closeness of the CB to the 
FL in the semiconductor at the contact than in the bulk, Here the 
field is positive, ie., directed from metal to semiconductor ; check that 
the corresponding potential diagram would also give a positive field. 
The built in junction potential is (¢,—- dm) in this case, Fig. (5.1.20) 
shows the case when metal is made positive with respect to the semi- 
conductor. Ifthere is an unlimited supply of electrons in the con- 
duction band of the ‘semiconductor they can roll down the ener g 
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gradient to the metal hence theoretically no limitation of currentjflow 
may occur. Onthe other hand, when the semiconductor is made 
positive with respect to the metal (c.f, Fig, 5.1.2d); since at the 


VACUUM LEVEL 


Fig. 5.1.2.. Metal, N-type semiconductor Pmi < by 3 (a). before contact, 
(b) on contact, (c) metal positive biased w.t.t sem, (d) metal 
negative biased w.r.t. sem 


‘contact within the semiconductor the concentration of carriers is 

No exp-4($m— Wa)/kT, which is large, [in the extreme case (m-s N) 
can be negative causing degeneracy of the semiconductor at the 
contact ], large current can flow through the contact with increase of 
voltage. That is we see that such a contact does not produce any 
rectification nor does it interfere in current flow, hence it is called an 
ohmic contact, because the current for very small applied voltages 
will follow Ohm’s law, the ohmic resistance being due to the semi- 
conductor bulk. The Presence of surface energy seats may lead to 
apparent invalidity of the above mentioned behaviour. 


(c) - Metal-p-type semiconductor lm > QP, 
In this case, before contact and aftey contact, the energy level 


e 
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diagrams are shown in Figs. (5.1.3a) and (5.1.3b). On making 
contact, electrons flow from semiconductor to metal until equilibrium 
is reached. The V.B. of the semiconductor comes nearer or even 
can cross the metal F.L. thus causing accumulation of holes or even 
the semiconductor can become degenerate p-type at the contact. From 
the semiconductor holes can easily roll down the potential gradient 
to the metal and get recombined with electron when the semi- 
conductor side is made positive with respect to the metal, The 
energy level diagram for this situation is shown in Fig. (5.1.3c). 


MRIN og 


Fig. 5.1.3. Metal P-type semiconductor contact energy band diagram for 
Pm >p: (a) before contact, (b) on contact, (c) metal (—)ve biased 
w.r.t sem, (d) metal (+ )ve biased w.r.t. sem. 


When the semiconductor is made negative with respect to 
metal, the energy band diagram for which‘is shown in Fig. (5.1.3d), 
the number of holes in the V.B. of the semiconductor at the contact 
being large, they can easily roll down the potential gradient along the 
semiconductor body. Thus we see that this contact does not cause 
any hindrance to current flow in either bias conditions, hence it 
would be called an ohmic contact for holes. 


(d) Metal P-type semiconductor g?,, < 4Ps. 

The energy level diagram in this case before and after contact 
are shown in Figs. (5.1.4a) to (5,1.4c), which correspond to before 
contact, after contact and when the semiconductor side is positive 
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with respect to the metal. Fig. (5.1.4d) shows the potential profile 
corresponding to Fig. (5.1.4c) where we see that if there is enough 
supply of holes, they can roll down the potential gradient to the 
metal. For reverse bias, the student can easily visualise that there 
would be a limitation in the hole current since the hole concentration 
in the semiconductor V.B. at the contact is N, exp [-—(Es-9%m)/kT], 
small since (E,—9%») is large. Thus this contact is a rectifying 
contact for holes. 


Qs EssEgtils? By 
Be nce Wie Br EL.’ os Sees (re stay FL. 


VB 
apenra vo 


Fig. 5.1.4. Metal P-type semiconductor contact energy band dia; 
gram for m < $, 
(a) before contact, (b) on contact (c) metal—ve w. r. t. iodd 4 
(d) semiconductor potential variation corresponding to case (5.1.4.c) : 


Also, notice that a contact that is heavil ifyi 
y doped a rect 
contact for holes may behave as an ohmic contact for electrons Ha 
energy gap between the C. B. of the semiconductor to the metal pimi 
e here Haee (cf. Fig. (5.1.4b) and (5.1.2b). Gold with 
-type Ge gives ohmic contact while with n- ri ifyi 
rie n type Ge gives rectifying 


The depletion region width. of a metal i 
s semiconductor juncti 
can easily be calculated by assuming it as an abrupt ae = i 
the semiconductor doping is uniform, eerie 


This would be given from equation (3.1.6) as, 


ps eat" s+ (5.1.2) 
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Similarly the capacitance from equation (3.1.8) as ; 


1/2 
o(p] [eR oan 

It is to be noted that if Na is very large, then the depletion 
region would be very narrow and for degenerate doping it can be so 
thin that a contact supposed to be rectifying turns out to be an ohmic 
contact because the depletion region width has become of the order 
of a few tens of angstrom and the particle tunnels through the 
junction. Example of this is obtained in IC fabrication where both 
n-regions and p-regions are coated with Al prior to which the 
n-regions are heavily doped by making it n* on n. Thus all ohmic 
contacts are achieved in a single metalisation step. 


5.2 Improved Theory 

The theory that is presented above does not hold in practice for 
all semiconductor metal combinations. The search for explanation 
leads to a satisfactory refined theory which ascribes the discrepancy 
on the surface states. The detailed energy band diagram of a 
metal-n-type semiconductor. is discussed below. The-basic points of 


ee aan -0 


IMAGE FORCE 
POTENTIAL ENERGY 


NET POTENTIAL 
ENERGY 


ELECTRON POTENTIAL 
ENERGY VARIATION DUE 
TO FIELD DIRECTED TO 

THE METAL SURFACE 


FERMI LEVEL! 


Fig, 5.2.1. Schottky contact field lowering the work function by (Ag) 


refinement are. (i) when metal semiconductor contact is:made there 
remains an interfacial layer of atomic dimension which can stand 
potential difference but is transparent to electrons, (ii) there are on 
the semiconductor surface, seats of energy which is a property of the 
semiconductor concerned and are independent of the metal, (iii) that 
there is the lowering of the energy barrier height (%_,— Ws) g of 
Fig. (5.1.1b) due to Schottky effect. Schottky effect is lowering of 
the work function of the metal due to the field present on the metal 
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caused by the presence of the semiconductor as shown in Fig. (5.2.1) 
as (qA%). Taking these factors into account, the general metal 
semiconductor energy band diagram is drawn in Fig. (5.2.2) assuming 
that there are surface states on the semiconductor which when the 


Fig, 5.2.2. Metal sem energy band diagram considering schottky effect, 
interfacial layer and surface states 


semiconductor was far away from the metal were filled up to the 
level dž, from the valency band edge. On contact there is an 
interfacial layer potential drop of A, the Fermi levels have equalised 
but in the bulk (qV,) the difference between conduction band edge 
E, and F. L. remains unaltered. This has given rise to charges on 
the semiconductor from fixed donors and from surface charges: 
exposed due to readjustment of Fermi level on contact with metal. If 
we assume that the acceptor surface state density D, per unit area 
per electron volt is constant, over the energy of the gap, through 
which the F. L. has moved on contact with metal, then the surface 
charge density on the semiconductor due to filled up surface states is 


Qss= - 4D, [Ey - GP yn — qo - GAP] so (5.2.1) 


The depletion layer space charge assuming abrupt step junction is 
Qs = 9Na. d, with equation (3.1.6) is given by 


Qo= [28 o&sNa (Fong + Ada- Vag - KT)) +2 s+ (5,2,2) 
since free particle energy per dagree of freedom is (KT/2). 
The charge on the metal surface Q, is, therefore 
Qm = —(Qes + Qae) s. (5.2.3) 
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The potential energy drop across the interfacial layer width 6 is 


~ 3 QE 
A=-6 FA e (5.2.4) 
Lastly from the F.L. equality in Fig. (5.2.2) 
A= pm- (H + AD + Pon) = (5.2.5) 


Convenient and masterly manipulation of these equations gives* 
two results for two extreme cases of surface states (c.f, ref, 1) 


(i) When D, —> «© 


QP on (E,— 920) - IAP s+ (5.2.6) 
and (ii) When D; 30 
qPyn=WPm— Wh )-IA% e. (5.2.7) 


Note that the second case corresponds to the theory discussed in 
article 5.1 except for Schottky’s correction of work function, The 
experimental results over the years of various metal and semi- 
conductor systems indicated that straight line relationships of the 
form of equation (5.2.6) are obeyed and it is seen that for Si, GaAs 
and GeP the value of #, is very nearly one third of the band gap. 
Also it was seen for gold contact on various semiconductors, 
(EB, - 9%) -2E,/3- This indicated that most semiconductors have a 
high peak density of surface states near one third of the gap from the 
V.B. edge. Similar situation exists for other semiconductors, 

For CdS, of course, the value of q”, is very large ( ~ 0.8 E) 
and the metal CdS system behaves as if there is no surface states, 
Here the states are assumed to be near the band edge (CB) and the 
F.L. can move within the band gap over large range without affecting 
surface state occupancy. 


* For well cleaned and vacuum cleaved surfaces of less than 10'*/cc doped 

semiconductors in intermediate cases, we have (cf. ref. 1) approximetely, 
bp = Goat AG=C(tm— N} ) + (L—c)(B, - 09/9 

where: (1/e)=(1% 9°8 D,a). Using 5~4-S5°A and «=, gives D,=1.1x10"* 
x(1—c)/e states[em’/ey. Forward bias characteristics extrapolated to zero voltage 
gives on (cf. eqn. 5.3.13), likewise extrapolated reverse characteristic gives gso. 
From the slope of sn versus ¢,, the constant c can be determined hence D, 
Symbols like , Hl, ¢on are used to designate the corresponding potentials. 
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5.3 Current Voltage Relation for Schottky Diode 


The Schottky barrier diode is made from non-degenerate 
semiconductor metal combinations. On one side there having an 
ohmic contact and on the other the Scottky barrier. The current 
transport through the Schottky barrier diode is mainly due to 
majority carrier flow. The electron energy band diagram of the 
Schottky barrier diode is shown in Fig. (5.3.1). Note that electronic 
charge is multiplied to the corresponding potentials to state the 


Fig. 5.3.1. Electron Potential Energy diagram in metal semiconductor barrier 
region vs. distance conductor for a Schottky barrier diode. 


energies. At present the current flow is known to be governed by'a 
combination of the factors (1) the thermionic emission of electrons 
over the Schottky barrier, (2) diffusion of carriers in the depletion 
region that is particularly important near the contact region where 
(3) the field plays an important role. On the contact: side of 
the potential minimum the field pulls the electrons to the metal 
while on the other side the field pushes the electrons away from the 
barrier top. Therefore near the metal contact field induced electron 
tunnelling may be expected. Moreover the thermionic emission 
depends on the velocity distribution of carriers in the barrier region 
while diffusion depends on the concentration gradient that may be 
significant in the barrier region. In addition some of the electrons, 
that cross the potential energy maximum (barrier) in a Schottky 
diode, may get back scattered due to optical phonon scattering, thus 
leaving a smaller net current to flow. Further the classical velocity 
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distribution .of carriers get modified due to quantum mechanical 
reflection of electrons by the Schottky barrier and that there can 
be tunnelling of electrons through the barrier which again is 
barrier region field dependent.* Considering these we study the 
Schottky barrier diode from simpler considerations to impress upon 
the reader the essential features of some of the processes involved in 
the current flow in Schottky barrier diode. 


5.3.1 Thermionic Emission Model 


In this model the barrier height ọn is assumed to be large 
compared to the particle’s thermal energy which is of the order of 
kT, the particles having Maxwellian velocity distribution. The 
electron is assumed not to suffer any collision in the transit over the 
barrier, neither it is affected by its image in the metal moving in the 
opposite direction. 

The electron current density from the semiconductor to metal 


* It turns out that the fraction of particles passing a thin rectangular barrier 
due to tunnelling can be described by an attenuation constant a, where the wave 
amplitude decreases exponentially. For a barrier thickness ¢ the transmitted 


fraction of amplitude is given by exp (—at). This constant turns out to be 


a Paw -»} raf where V is the energy barrier height and B the total energy of 


the electron. In devices we frequently encounter approximate triangular barriers 
of finite width having a certain height V.. In such casses the (V-E) term can be. 
written in terms of the constant field B, of the barrier region as (V.~ qB,.x). The 
approximate wave amplitude decreases in passing through the barrier of width d= 
(V./9B,) can be written as 


[0-7 j few (V.~4B.x)} dx 


The transmission coefficient is square of this and comes to 
exp(—4 N2m* Vo°!”/39B.7] 
This shows the fleld dependence mentioned in the text. 
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can be calculated using unidirectional normalised velocity distribution 
function* as 


ee gat Jm" akt] Vz exp (-m* V2,/2kT) dV, + (5.3.1) 
Yo 
which assumes the particles, having x directed Kinetic energies 
(4 m*y,*) greater than the barrier height q(V,-— Va), surmount the 
barrier. That is we have 
m*vo® =24(V; — Va) (5.3.2) 
and n is the concentration at the barrier that can be written as 
n= N, exp [ —(E, — Ex)/KT]=N, exp.( — q¥yn/KT) see (5.3.3) 
On integration equation (5.3.1) gives 


Jom= gn (5) exp (—m*yo2/2kT) ws (5.3.4) 


which with equations (5.3.2) and (5.3.3) gives, with N, from equation 
(2.10.6), for the electron flow from semiconductor to metal as 


Jem = AT? exp (—q®on/kT) exp (qVa/kT) < (5.3.5) 
where A=(4ngm* k*/h*) which is the Richardson constant for 
thermionic emission into a vacuum. For free electrons its value being 


120 Amp/cm?/°K*, For semiconductors m* is the effective mass at 
the lowest conduction band edge. 


* Normalised Maxmellian velocity distribution function i.e. the probability 
ofan electron having its velocity lying between V, to V,+ 5V., Vy to V,+0V, and 
V, to V,+-8V, is given by 


(z rT ) * [exp—m! (Va? +V,?+V,?)/2KT] dV, dV. dV, 


This gives the fractional number of particles having velocities between Va to 
V.+6V,, aiming for the x direction as 


T= (sex) xp (—m* V.*2KT). dV.) [exp C mAV, N2KT.d Vy] 


œ 


[ j exp (—m"V."/2kT) dv, |= (zr) Ma oxp (-m°V,*/2kT) dV, 
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For electron flow from the metal to semiconductor; the barrier 
height remains the} same as without bias, this current therefore can 
be obtained from equation (5.3.5) with V,=0 as 


Jine= — AT? exp (Psn /kT) ++ (5.3.6) 

From equations (5.3.5) and (5.3.6) the Schottky barrier emission 
modei current density is given by 

J=Jeo [exp (GVafkT)-1] ` S cae) (5:3:7) 

where J,e = AT? exp (qZn/kT) ws (5.3.8) 


5.3.2; Diffusion model 

The assumptions in this model are (1) the barrier thickness is 
much larger than the carrier mean free path so that electrons do 
collide within the depletion region, (2) the barrier height is much 
larger than kT and that (3) the boundary concentrations are 
independent of current flow. Under steady state conditions the 
current being independent of x one can use an integrating factor 
exp (-—q y/kT), where y refers to the conduction band. potential, 
to integrate the current flow equation 


Saal nee A | ct, 639) 


W, Wg Wii { 

fe exp G qt) = =D, {x no) erp- fipo er i (5:3.10) 
The boundary values may’ be writen is i 

avo) =. = -qV +Vn)= = = Pon where n(o): = No = N, exp t atl kT) 


A5:3.11) 

IW) = -4n + Va) and mW) = Ns exp:(qVa/kT) >: 
substituting (5.3.11) in (5.3.10) ae j ny ; 
Je gN.Dn [ exp 4% ITT 1] / j exp | - Wa dx es (5.3.12) 


i 


The potential y(x) can be written Suing step unction approximation as 
-D (Wx -2°/2)- Fon a (6.3.13) 
10 


146 SEMICONDUCTOR DEVICES 


From equations (5.3.12) with (5.3.13) and writing for W 
= . /2EVs - Va) 
X J qNa f 
we have 


2 aay 1/2 qe, 
Je Nef Ref ag Wo— Ve) N, Jo exp (=P) Fey 6.3.14) 


where F(V)=[ exp Ye) - 1] I [1 = exp {+ E Ye) wa] 
(5.3.15) 


Since qV, > kT has been assumed for reverse bias (Va negative) and 
for small forward bias (V, positive) the exponential in the 
denominator of equation (5.3.15) drops out leaving for Jair. 


ayy [ exp qe) 1] ve 6316) 


Where tat Nee [Yont exp (ae) SIRA 17) 


Though the expressions (5.3.7) and (5.3.16) are very similar to the 
saturation current J,g of the diffusion theory varies with voltage 
faster but with temperature slower than the Thermionic emission 
theory saturation current J,, of equation (5.3.7). 

A synthesis of the thermionic emission and diffusion theories 
has been made by Crowell and Sze (ref. 1). In the nature of the 
Schottky barrier there having a potential minimum near the metal 
contact ; the electrons are carried due to bias by diffusion to this 
point; wherefrom the migration to the metal, is described by a 
thermionic recombination velocity Vz at the metal semiconductor 
interface. This enables incorporation of electron phonon scattering 
and quantum mechanical reflection at the metal semiconductor 
interface. It is shown that at low fields as long the metal acts asa 
perfect sink for electrons crossing the potential minimum, the 
thermionic emission theory is applicable. At higher fields quantum 
mechanical reflections and quantum tunnelling caused increased 
recombination changes the regime of operation to thermionic field 
emission. 

Tt has been shown that with Vr=(AT*/qN,), A being the 
effective Richardson constant the current density can be written as : 
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J= INV exp (— gihyq/KT) [exp (-4Va/kT)— 1] 
ry vs (5.3,18) 
wW ~_ 
where Va=[ j GEE P pr (Pon + v) dx] ; «= (5.3.19) 


zn 


is the effective diffusion velocity between W to x, (cf. fig. 5.3.1). If 
the electron distribution between x,, to W is Maxwellian and no 
incident electrons except the original equilibrium ones get reflected 
from the metal then the semiconductor acts as a thermionic emitter. 
If Ve < Va then thermionic emission mostly governs the current flow 
on the other hand if Vp S Va diffusion is the dominant mechanism. 
In this case if u is independent of electric field the diffusion velocity 
will be nearly equal to the drift velocity in the semiconductor at the 
boundary i.e., Va= uE and equation (5.3.18) reduces to 


J=qN, uE exp ( -Fn kT) | exp Ia -1] = (5.3.20) 


with increased field the probability of backward scattering of electrons 
due to optical phonon scattering increases, that reduces the net 
current, In addition the carrier energy distribution deviates from 
Maxwellian distribution because of quantum mcchanical reflection 
of electrons as waves and their tunnelling through the barrier. 
When the field enhanced tunnelling becomes predominant a rapid 
transition from thermionic to thermionic field emission takes place. . 


Taking the back scattering and field enhanced tunnelling into 
account the current in Ge, Si and GaAs can be written as 


J=J,lexp (qVa/KT) - 1] ws (5.3.21) 
where J,=A* T? exp (—9rn/kT) “+ (5.3.22) 


A* is the effective Richardson constant including the effects of optical 
phonon scattering and thermionic field emission. It remains more 
or less constant at room temperature; in the electric field range 
10*—10° V/cm in most Ge, Si and GaAs Schottky diodes and the 
current flow is due to thermionic emission mechanism in these diodes. 
In Si for electrons its value being 110 A/cm?/°K* while for holes it 


is about 30A/cm?/°K?. | 
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5.3.3 Minority Injection a 


Under the low injection ‘conditions we see that the Schottky 
bartiér diode is a majority carrier diode. The minority carrier 
density at the bulk at W (cf. fig. 5.3.1) is, using (5.3.21) and (3.3.2). 

2 
Pa(W) =o [exp(qVa/kT)~ 1] -H 3- vee (5.3.23) 
ads 
For low bias voltage J is low, the minority injection ; hencé current 
is also: low particularly because the drift:and diffusion components 
nearly balance'out, But for high bias voltages the drift field increases ; 
hence ultimately drift current dominates and hence appreciable 
minority current flows, Thus’ theminority to majority injection ratio 
increases in high current cases. From (5.3.23) we note that to reduce 
minority ‘injection’ N,'has to be ‘high and J, large and n; small ie., 
high-doping, small barrier and large band gap are necessary. 
The storage time on the other hand ` 


Wo 
Í (apdx) 
= Qutored Ww 
assuming exponential minority distribution i,e., large bulk 
al (Wo=W)> Lp: 
Sy grey 
T,= Nahad. auillc o hiett?'s (5.3.24) 


which is inversély proportional to current density and lies between 
In sec and 0.017 sec, in the 10-1000 amp/cm? range, 
Taking account of the voltage dependence of A* the effective 


Richardson constant and the Schottky barrier lowering, the J/v 
characteristic can be written as 


J=J,[exp (a =1] ss (5.3.25) 
From this the diode a,c. conductance is 
dI _ JA £ r 

ZIEN AT +++ (5.3.26) 


But the junction’ a.c. resistance cannot be expected to tend to zero 
for very large currents since there would ‘be some amount of series 
bulk resistance and contact resistances. If. the total bulk plus 


METAL SEMICONDUCTOR JUNCTION 149 


junction forward a,c. resistance is r, and total capacitance at forward 
(~0.1v) bias situation cy then the diode cut off frequency ( fy can be 
written as : 
1 ; 

h= Inricy 1 63.27), 
Because at forward bias r;=(1/g;) decreases faster than c; increases, d 
the small forward bias f, is used as a practical figure of merit. This 
high cut-off frequency arises mainly from the high mobility of n-type 
carriers. 

As for the reverse characteristics, the Schottky barrier lowering 
being field dependent, the reverse current increases with applied 
voltage, for example, over 0.01v to 20v from 0.1mA to 10nA for 
typical diodes before the junction avalanche breakdown voltage is 
reached. This implies reverse resistance decreases but for typical 
0.5 micron diameter diodes 10*° — 10+? ohms is typical of Au-Si and 
Au-GaAs diodes, the silicon being-lower. -The forward resistance on 
the other hand, is higher for silicon ~ 10 ohms while for GaAs ~ 1 
ohm. i 


5.4 Point Contact diode 

It is made, by making a sharp point contact between a ‘semi-: 
conductor and a fine metal wire. The contact may be' just a mechani-‘ 
cal contact or may. be formed by passing a controlled electric dis- 
charge which may not.or may even forma p-n junction of very’ 
small area, This diode used as microwave rectifiers usually has 
larger forward a.c. resistance than the Schottky diodes mentioned 
above and this is because of smallness of area, while the reverse 
current increases faster than the Schottky diode ; also the reverse 
resistance is considerably low and changes with bias viz., say, 
10° — 10 ohms from 0.2v — 4v voltage change before avalanche break- 
down sets in. This is because of large field concentration beneath 
the point contact. In this rectifier I/V characteristics, cannot. be 
predicted theoretically in general. This is because the characteristics 
depend on many parameters, such as, contact area, contact pressure, 
whisker composition, heat and time duration of forming discharge, 
surface treatment before and after contact formation etc, Because of 
its small area, capacitance is low which ultimately makes it useful in 
the MW range even if the a.c. forward resistance is higher. 
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5.5 Space charge limited diode 


If a diode is made with an ohmic contact at one énd and a 
rectifying contact at the other (with appropriate metals at the ends) 
from a semiconductor either intrinsic Si or little or with no doping 
of higherband gap material then we would expect charge relaxation 
time of the semiconductor medium to be appreciable and space- 
charge-limited current flow to occur through the semiconductor 
medium, This sort of diode is called space-charge-limited (S.C.L.) 
diode. As shown in Fig, (5.5.1) the electrons from the metal would 


x=0 x=d 


Fig. 5.5.1. Energy band diagram of S.C.L. diode formed of suitable 
metal contacts on appropriate semiconductor such as In Cds, Ag 


be available in the conduction band at the ohmic contact because of 
its nearness to the metal F.L. (cf. Fig. 5.1.2b). Similarly, ‘the anode 
would beva rectifying contact that will drain these electrons (cf. 
Fig. 5.1.1b). As for the current flow we can write 


d 
T see (5.5.1) 


=J= ugqnE + Dyg: 
and for the space charge 
(= -= ngjEEo <. (5.5.2) 


So long the applied voltage is small the diffusion current is 
important since : 


di 
ugnE < Dag re 
implies 


gf Edi <|% (5.5.3) 
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Hence for very low currents when ‘the applied voltage is much less 
than (kT/q) we have from (5.5.1) neglecting the field component and 
using equation (5.5.2) we have 


2 
J=Date, 55 wes (5.5.4) 


which can be thrice integrated to show that the current voltage rela- 
tion will be ohmic in this voltage range. 

When the applied voltage increases and the field current domi- 
nates we have from (5.5.1) neglecting the diffusion contribution to 
current and using equation (5.5.2), 


dE 
J= yee.E F «ee (5.5.5) 


Integrating equation (5.5.5) and assuming at the cathode the potential 
minimum has reached i.e E=0 at x=0, eliminates the integration 
constant and gives 


E? 
MEE o> =Jx w.. (5.5.6) 
From equation (5.5.6) we have j 
a pg EA ae 
E ae, NF. Bry (5.5.7) 
hence integrating from cathode to anode, squaring and rearranging 
Sng EY w+ (5.58) 


That is the currentis directly proportional to, the square of voltage 
and inversely proportional to the cube of thickness, This is the 
Child’s. law analogue. of solid state diodes, also known as the Mott- 
Gurney law since Mott and Garney suggested this phenomenon,, This 
shows that the contact exponential characteristic can be swamped 
by bulk characteristic of Schottky diode if the bulk resistivity is very 
high. 

Next we enquire about the speed-of space charge limited diodes. 
The transit time of carriers through the diode:can be calculated by 


a a 

dx_{ dx 

t-j- me (5.59) 
o o 
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substituting for E from equation = 5.7) in (5.5.9) 


iv Je |% e d il (5.5.10) 
Substituting for J in equation (5.5.10) from (5.5.8) and rearranging 
4d? 
ay + (5.5.11) 


The transit. time in diffusion limited p-n junction; diodes was found 
(cf. equation 4.14.24) to be Te= ye hence comparing the transit 
times we find 


Ww? 
Coreen) = 90," Fur «e (5.5.12) 


jie for the same diode dimensions am same diode body and 2-3 
volts applied to the S.C.L. diode gives 8 an ~ 40 times greater tran- 


sit times.in p-n diffusion limited diode. Hence the S.C.L, diode is 
very much faster in operation than the p-n junction diode, 

The reverse characteristic of S.C.L. diode is quite good and 
comparable to the GaAs Schottky diode. 


5.6 Varactor diode 


The word varactor is derived from variable reactor, This is 
basically either a p-n junction or metal semiconductor junction diode 
whose capacitance variation with voltage under reverse bias is the 
source’of this’ reactance variation): In’some special’ varactors hyper 
abrupt junction or hyper doping i in the ‘semiconductor of a p-n jnne- 
tion diode'is utilised: ‘In. either case, onë side has or ‘acts as'if has 
very heavy doping; only the dépletion region of the semiconductor 
comes “in the capacitance variation, “To take a special ‘case, say, we 
neéd 4’ varactor which will be used to tune’ an inductive circuit such 
that the resonant frequency is varied linearly with voltage, what is the 
doping profile needed for the semiconductor region ? Since the junc- 
tion isione sided, wé assume'a: donor doping of the form bx™ and 
write the Poission equation for the semiconductor as 


(5.6.1) 
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Integrating once and evaluating the integration constant by: the con- 
dition that the field is zero at the depletion region boundary at x =d 
we have 


dV b.q 
dan eari) (x42 — dm+1) s+ (5.6.2) 


Integrating once more with the condition V=0 at x=0 gives 


ARR EA a Ms 
Wore ler za) i (5.6.3) 


Hence the voltage across the depletion region V; is 


bgd"? j 
V: seo(mF2) i (5.6.4) 
; The student can easily show that the depletion region charge 
a 
is e-f qbx™dx = adeik , 


y= 90 = “+ (5.6.5) 

1 +2 
or Cj- esa EAN be wes (5.6.6) 
Foran LC circuit f= z- Lre or Ca p + (5.6.7) 


Equating (5.6.6) and (5.6.7) we note that in order that V could be 
proportional to the frequency f, one has to have 


1 3 
m27? or m=-7 (5.6.8) 
Thus we see that a doping of the form bx-8/2 would. nearly satisfy 
our requirement since we have ignored the header capacitance Cy. 
Such a doping profile is known as hyper doping profile. 


The equivalent circuit of the varactor diode.is, shown in 


Fig, (5.6.1) where C=Cy+Cn Re is Rp 
the series resistance due to the bulk 

semiconductor and. Rp is the ge OO E 
parallel equivalent. resistance for Cc ; 
generation, diffusion and leakage Fig! 5.6.1. Vafäčtor diode | 


currents, Both Cyhence C and R, equivalent circuit 
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decrease with increase of reverse voltage while R, generally increases 
with voltage when the voltage is below a certain limit. The efficiency 
of a varactor is expressed by its Q which expresses its energy storage 
capability in relation to its loss and can be easily shown to be 

Q- -= ate (5.6.9) 

PER: +wCR, 
assuming Rp+ R, ~ Ry. 
Equation (5.6.9) shows that the maximum Q occurs at radian frequency 
1 

om" TTR, X (5.6.10) 
and 

Qmax= 4V Rp/Rs = (5.6.11) 


For a certain applied voltage equation (5.6.9) shows that at. low fre- 
quencies compared to wam, given by equation (5.6.10), the value of 
Q- «CR, and for high frequencies Q—+(1/wCR,). Therefore, the 
variation of Q can be depicted as shown in Fig. (5.6.2). For the 


Log w ——+» 


Fig. 5.6.2. Varactor diode quality factor variation 
‘with frequency as fraction of breakdown voltage 
as the parameter 


same frequency a higher voltage will give lower C, higher Rp 

lower R,, hence from equations (5.6.10) and (5.6.11) higher wm 

higher Qmax Since the product (vam Qmax)= Ik while with increase 
8 


of voltage C and R, both decrease hence (wam and Qmax) increase, 
This goes on until the reverse voltage approaches the avalanche 
breakdown of the junction, when this increase is expected to stop. 
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Problems 

3.1. A metal-semiconductor diode of 10 micron diameter has a 
capacitance of 0.02 Pf at 10 volts reverse bias. Calculate 
(i) the barrier layer thickness, (ii) the dopant concentration 
Ng assuming it to be constant and (iii) find the maximum field 
in the barrier. 

(Assume £, = 12) 

5,2. The square of the inverse of capacitance of a metal-semiconduc- 
tor (Si) diode under reverse bias is seen to increase with bias 
voltage as (1/c*) =(100+ 300V)10** where V is in volts and c is 
in p.f. Calculate the built in potential of the depletion regions 
and the uniform dopant concentration assuming a diode dia- 

„meter of 20 microns. Find the depletion region width at zero 
bias and the Si;doping level assuming it to be uniform. 


5.3: How would you measure the barrier height of a Schottky barrier 
diode by’means other than reverse bias capacitance measure- 
ment ? ; 

Hint: (a) Find current for a fixed forward voltage and 
observe the forward current J for various temperatures. Plot 
log J versus reciprocal of kT (cf. eqns. 5.3.12 and 5.3.13). Find 
the slope. 

(b) The short circuit photo current is proportional to 
(Av — don)? so long (hv — gosn) > kT. Plot sequare root of this 
current against Av and extrapolate. 


5.4, For a metal semiconductor junction or an one side heavy doped 
p-n junction work out a method for finding the reciprocal of 
the doping profile versus depth x along the following lines of 
argument. Write the capacitor as C=dQ/dV. Express this 
more accurately ás dV=dQ(x + 6x/2)/Ae. If on a dic. reverse 
bias a constant current I, cos œt causes the charge change then 
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5.5. 
5,6. 


5:7. 


5.8, 
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find dQ=(I,, sin wt/a)=gNzA X. From these two equations 
find the voltages set up across the capacitor apart from a d.c. 
(Ref. J. A. Copeland, IEEE Trans. ED May 1969, p; 445). 


Ans. ‘Fundamental — (I,,X/wAs) 
Second harmic (Ij,*)/4w*gNgA*e- 


What is a Mott barrier? 


A. Schottky barrier diode of 0.01.cm* area is made. on n* 
substrate with n-epilayer doping of 10+"/c,c. The n* subtrate of 
doping 10*°/c.c, has a thickness 0.02 cm, and has.a lifetime of 
107° secs, The n-doped epilayer has 10 micron thickness and a 
lifetime of 10-° secs, Fora current of 250 mA find the stored 
hole charge in pico-coulombs in the ‘epilayer at 300°K. If the 
current is increased by a factor of 20, how does the minority 
charge storage change ? 


In the energy band diagram of a Schottky barrier with ‘deep 
donors in the ‘semiconductor’ the Fermi level cuts through the 
deep donor level. The’ depth of this crossing from the met- 
sem interface increases with reverse bias, Show that if 4 reverse 


, bias Step voltage ¿V is applied on a reverse bias of Vo the capa- 
_ citance should have: changed from.C, to C, if,all:the. donors 


were instantaneously responding, 


, where Co? =q E A*N,/2(V,+ Vo) and 


C,*=qe A*N,/2(V, + V j with Ni =N,, FON, 
and = V,=V,+ av, òV being the fast voltage step..' 
In ‘problem (5.7) above argue to establish that C, is a function 


of time even if the pulse has ceased to exist since the deep energy 
levels are not as fast and that if there are multiple gopi ieres 


ôN, (= z 8N,‘(O) exp — (ent + ep')t 


where eq‘ and ep! are the emission rates of electrons and holes 
at the j-th deep level. Note that, in general, 5N,*(O) Heels i isa 


. function of ené and ep’ also. 
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5.9, From the expressions in problems (5.7) and (5.8) above and 
that 
me fb)=c?(t)- Co* = E Bt exp (- t/T*) 
` where B'= 48A? 5N,#(O)/2(V, + Vo) and Ti = (enf + ep*)?. 
} 5.10. From the results of problem (5.9) above show that 
at) “(— 1/T# x 
a D t/T*) exp (~t/T*), 


and argue to establish that ż(df/dt) has a maximum value of 
(B,/e) at t=T*. Note that this is the.basis of one technique by 

| Which deep level’s energy band» location and trap character- 
istics can be found out. (cf. Japanese Journal of Applied 
Physics, Vol, 19, No. 6, June 1980, pL 335). 


a sa, 


3 


Chapter 6 
JUNCTION TRANSISTOR 


In this section we discuss the d.c. characteristics of Junction Transistors. 


6.1 Working Principle 

A junction transistor can be either a p-n-p or an n-p-n, a two 
junction three electrode device as shown in fig. (6.1.1). One of the 
Vbe Veb 


LN | 


| A 


N 


Fig. 6.1.1 Difusion and drift transistor potential variation 
figs, (b) & (d) also field variation figs (c) & (e) respectively 
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junctions is called the emitter (E) junction which is normally forward 
biased and the other is called the collector (C) junction» that is 
normally reverse biased. The whole structure is a single crystal with 
metallic electrodes from ohmic contacts on the three portions of the 
semiconductor bulk. 


By forward biasing the emitter junction minority carriers are 
injected at the left hand boundary (x=0) of the base ‘region (holes 
in #-region of p-n-p and electrons in the p-region of n-p-n), These 
injected minority carriers travel through’ the base region to the 
collector junction. Those surviving recombination teach the collector 
Junction boundary (x=W) and. get? drained off to the collector 
electrode. Note the direction of the field in the collector depletion 
region causing this drainage. The minority carriers those recombine, 
anihilate equal number of majority carriers which are constantly 
supplied by the base terminals as base current, Depending on the 
doping profile in the base region the junction transistor are divided 
into. two types the. diffusion and the drift type. In the diffusion 
transistor base doping is uniform while in the drift type the base 
doping is non-uniform (exponen- 
tial in our case) Diffusion and 
drift transistor junction and base 
region potential variations are 
shown in Figs. (6.1.15 & d), In 
diffusion transistor the minority 
carriers travel due to diffusion 
only while in the drift transistor 
they travel due to diffusion and 
the drift caused by the built in 
field. The minority carriers find 
an accelerating field, in the 
collector depletion region in both Fig. 6.1.2 p-n-p alloyed transistor 
the types of transistors, while in 
the drift transistor, the accelerating field exists in the base “body 
(x=0 to x= W) also. 

For a better understanding of the device operation we show in 
Fig. (6.1.2) a p-n-p alloyed transistor. ‘In this figure the base’ is 
N-type semiconductor and emitter (E) and collector (C) bulks are 
P-type with alloyed metal contacts. The base Bis an ohmic alloyed 
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contact; Note that the base region is very thin. ‘It is deliberately 
made very thin (2 um to 0.5m to ‘have the base thickness W < L 
the minority carrier diffusion’ length) so that. the recombination loss 
of carriers in transit through the base region (x=0 to x= W) is small 
and most of the minority carriers injected (at x=0) reach the 
collector boundary (x =W). The base contact on the other hand is 
far away from the.emitter (d > 5L) such that the base terminal 
only supplies the recombination replenishing majority carriers. 
Emitter to collector .potential. profile combined with the nearness 
( ~d micron) of emitter and collector causes the transit of most of 
the minority carriers to the collector. 


"The word transistor has been derived from ‘transfer ‘resistor’. 
Because the base ‘region is very thin the recombination loss of 
injected’ cartiers are small, Hence whatever minority current is 
injected nearly all of it flows’ to the collector. © The current which 
crossed the forward biased small resistance'region gets transferred to 
the ‘reverse biased high resistance region. Current remaining same 
the resistafteé is (changed) transferred, hence'the name. 


6.2 Power gain 

Is it possible to obtain power gain from such a device? To 
answer this question we take the example of the vacuum triode.’ The 
vacuum triode potential profile from cathode to anode and the n-p-n 
transistors collector depletion region potential variation are 
compared in Fig. (6.2.1). We take an n-p-n transistor because the 
carriers in vacuum triode are electrons while in N-P-N the minority 
carriers (the flow of which is being controlled i in ste P-type base) are 
electrons, 


In the vacuum triode electrons flow OPDOK to the gretlinn of 
the field and being accelerated gains energy from the-field. . Such a 
steady stream of electrons flowing means a steady current flowing and 
energy obeing) extracted,from the supply. s:A small change (say 
increase) of current produced by the grid control causes an extra) 
potential drop in the load resistor R connected to the, anode.: The 
tube drop decreases. Hence the potential profile changes to the one 
dotted causing the field to change (decrease) by AE. The electrons 
representing the current has to move being retarded by (giving energy 
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to) the field AE as shown in, Fig. (6.2.1). That means the tube 
dissipation falls short of this incremental energy. This energy was 
obtained by the electrons from the supply but the incremental energy 
by which the tube dissipation: has fallen short of is lost in the load 
resistor, This is the mechanism of power conversion in a vacuum 
triode, 


ee. e. ee 


Ohmic 
Metal 


Collector Depletion Region contact 


Fig. 6.2.1. Comparison of Vac tube & collector depletion region 
potential variations during incremental current changes 


Exactly similar phenomena occurs in the transistor collector 
tegion, Scattering phenomena only gives modified motion of 
individual carriers but they move en masse due to the field with 
velocity depending on the field. In this depletion region carriers 
get accelerated by the existing field E at each point. Also the 
incremental carriers get opposed by the incremental field at each 
point, Thus, even if the semiconductor body is entirely passive, 
power gain is obtainable as in a conventional triode. In p-n-p 
transistors the carrier charge being of opposite type the field 
directions (including the incremental part) are also opposite to that 
of n-p-n or vacuum triode, The decrease in field caused by the 
decrease in available voltage across the depletion region, decreases the 

11 
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depletion region width. This, in turn, causes the effective width W of 
the base region to increase (by 6W, say). From the above mentioned 
mechanism of power gain one would, therefore, expect some sort 
of relationship of the power gain to the variation of base width (sW) 
with collector base voltage variation (ô Vos). 

It has been mentioned that the minority current which crosses 
the emitter resistor, nearly all of it gets collected by the collector. 
Whereas the collector base junction is reverse biased. Seen as a 
circuit engineer would, maximum power delivery would occur when 
the output impedance equals the load impedance, At low 
frequencies, therefore, we would expect power gain to be of the order 
Rr, 
Te 
is of the order of a few tenths of kilo Ohms. While r, for 1 mA 
d.c. current flow is ~25 ohms, so the power gain can be large. 
From this consideration, we would also expect the output impedance 
having some relationship to the maximum power gain. 


2 
of G= Fon Ore = The reverse biased diode output resistance 
in e 


6.3 Current gain 

Representing the transistor as a black box and using all 
currents as positive, when going in the box, we have for the output 
short situation as shown in Fig. (6:3.1a) Truely speaking, the 
carrier flow directions and the current flow directions depend entirely 
on the type of minority carrier concerned, 


The short circuit current gain is defined in general as the ratio 
of output current to input current for no output voltage variation 
(short curcuit for a.c.), Regarding a as a positive’ quantity (cf. 
Fig. 6.3.1a with b) common base (CB) configuration’ short circuit 
current gain 


mye a 2 
ia |Vowconst. ie |Von const, (6.3. 1) 
while for common emitter configuration 
wis ale 
i, [Vewconst. ip Von const. (6.3.2) 


Note that a defined as l) in Fig. 6.3.1 is negative while g is positive 


because from physics of the transistor for p-n-p transistor, collector 
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current is going out but emitter current is going in and a is their 
ratio while collector current is going out and base current is also 
going out ; hence 8, their ratio is positive. 


je Iectie ie Iælie 
Srb c Ee Cc 
ip yB pe 
Chib c) B'o 
B 
ib 
E j fy k (AH) ib 


6.3.1 (a) Depicts the circuit Pirun of currents ; (b) & (c) current 
direction as given by physics of transistor C.B. ; (d) & (e) current directions as 
"given by physics for C.E. For P.N.P & N.P.N transistors respectively 


Counting through the process of injection of minority carriers, 
their transport and collection, the current gain a can be written as the 
product of \‘injection efficiency’ (y), transport factor (a’) and 
‘Collection efficiency’ (6). 


-aminy a's ne (6.33) 
»*é 


for a p-n-p transistor, -a= (2) (je nt ( te) 


where for a p-n-p transistor for example, y is ratio of hole current 
injected at base by the emitter to the total emitter current, that is 


Pole eee 
Mis ing tine 1 saat ine 630 
Tye 


We have seen that by doping the emitter heavily compared to the 
base doping it is possible to make y nearly equal to unity. ine being 
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very much less than ip., we do not speak of its phase in small signal 
theory, ie., »=120°. The transport factor a’ is defined as 
the ratio of minority current reaching the collector depletion region 
boundary (x=W) in base to the minority current injected at the 
emitter depletion region boundary (x=0) in base material. This 
ratio has already been found out, hence we have 
,_ ey cosech 
am reie bh 4.11.1 
Using good quality single crystal and making W < L, for p-n-p 
(W <L, for n-p-n), this factor can be made nearly equal to unity for 
very low frequencies. 


Lastly ô, the collection efficiency is the ratio of the total current 
flowing in the collector terminal (i,) to the minority current (iy,) that 
reached the collector depletion region boundary (x=W), that is 


onze Because the product ya’ is slightly less than unity, the 
o 


magnitude of 5 is kept slightly larger than unity by proper biasing, 
such that the depletion region field is in the saturation velocity (va) 
region, causing very slight carrier multiplication. For simplicity we 
shall assume 4 to be equal to unity i.e., (à= —1 20°), which implies 
that we are neglecting the transit time of the carriers through the 
collector depletion region width (d). This time can be estimated 


from T, = di 
8 


We see that provided y ~ 1 and |ó|=1 the CB current gain a is 
solely dependent on the transport factor a’, the low frequency value 
of which we call a,. 

It is seen that a, the low frequency current gain depends largely 
upon current magnitude. Our aim is to inject minority carriers and 
in that we have neglected the recombination in the emitter depletion 
region. At any place the total current remains constant- while 
recombination of minority current (holes in p-n-p) implies decrease 
of minority current (i,,) with consequent increase of majority current 
(ing. With increase of forward bias the emitter depletion region width 
decreases. On that count recombination in this depletion region 
decreases causing the majority current (ine). to decrease, This 
improves y with increased bias as shown in Fig. (6.3.2) curve ‘a’. 
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With increased minority injection level at the base both the minority, 
as well as majority concentration increases, This majority increase 


i 
1-0 


Fig. 6.3.2. Shows the effect of D.C. current on the value of a,. 


in base causes greater minority current injection in emitter bulk 
(increasing ine) causing y to decrease. On the other hand, majority 
Concentration increase decreases the minority life time in the base 
causing increased base recombination. Both of these two causes 
deteriorate o. Moreover, a p-n junction means this is a surface 
different in some respects from a perfect lattice and this causes 
increased surface recombination with increased current. The 
deterioration of a, caused by these three reasons are shown in 
Fig. (6.3.2) curve ‘b’. Thus, we see that there are two competing 
processes which determine the variation of the value of a, with 
current, the result being a, though less than unity has a maximum at 
a certain emitter current as shown in Fig, (6.3.2) curve ‘c’. 


6.4, D.O. Characteristics 

The common base biasing circuit with circuit notation current 
directions are shown in Fig. (6.4.1). It is evident that basically the 
transistor is two p-n diodes connected back to back or front to 
front (cf. Fig. 6.1.1f), with the base region common to both the 


aly Mee) Ne we, Meg Je 
: k he | SI k n 
P=N-P N-P-N 


_ Fig. 6.4.1. Biasing polarities for the two transistor types. 
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diodes, With this in mind, emitter collector terminal currents can 
be written as the superposition of the two diode currents with proper 
choice of constants fora p-n-p transistor. Note that the collector 


bias polarity is used such that the collector base diode is taken 
forward biased here, 


CA W006 
In=b,, (e*? ~1)+5,, (e*T-1) <- (6.4.1) 
an IVre 
l= -b,, (e FT -1)+baa (efT -1) + (6.4.2) 


where the b’s are the suitable constants. Strictly speaking, the 


0: 1 2 3. 
(a) Veb——>VOLTS 


l lcl mA 


(b) Vce—>VOLTS 
Fig. 6.4.2. (a) CB output and (b) CE output characteristics, 
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complete transistor behaviour should be describable by equations 
(6.4.1) & (6.4.2). We must also have 


I,+1,+1,<0 
Voo t Veo t Vo, =0 sas (6.4.3) 
Vio = — Voo 
For n-p-n transistor V,, and Vp, would be replaced by V,, and Vos 
respectively in the current equations for forward biasing the diodes, 
From equations (6.3.2) and (6.4.3) we have 


pele Beer aea aT 
Is Vor LHL 1-aae 


B for very low frequencies is 8o =(ao/1 — ao) 


Equation (6.4.2) with (6.4.1) indicates that “for constant emitter 
current when V, changes from small positive value through 
zero to negative the collector current passes through zero to 
a constant value as shown in the diagram (6.4.2a). Due to the 
closeness of the emitter and collector and the potential profile 
discussed before even at zero collector base voltage nearly all of 
the emitted current reaches the collector. High reverse biased 
collector voltage slightly increases collector current because the base 
width decreases. The variation of a, with emitter current also gets 
teflected in the characteristics but a, being near unity it may not be 
noticeable in the characteristics, In the drift transistor this effect is 
much smaller than in diffusion transistor. The common emitter 
characteristics, on the other hand, are shown in Fig. (6.4.2b). The 
collector base junction is reverse biased hence reverse biased leakage 
current I,,=(8,+1) Ico =I, for I,=0 flows as shown. Hence even 
for zero total base current there is injection and hence collector 
current, Increase of base current implies more injection hence more 
collector current, Fora certain injection from emitter, increase of 
Vom causes base width decrease hence base current decrease due to 
less recombination and collector current increases, but constant base 
current implies injection is increased to keep it upto the previous 
value, and this, in turn, increases the collector current ; this is the 
reason for lesser output resistance in the CE configuration, 


For the drift transistor, the base width variation becomes small 
thus increasing the output resistance. g, correspondingly goes 
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through a maximum and this variation also gets reflected in the 
characteristics, 


6.5. Punch through voltage 

As the collector base reverse bias voltage increases the collector 
base junction depletion region width increases causing the base region 
width W to decrease. With gradual increase of collector base reverse 
bias voltage the base width decreases until the base collector 
depletion boundary has reached the emitter base depletion boundary 
when the base region width reduces to zero. In this state the 
transistor base region is said to be punched through, when the whole 
of the base region is occupied by the space charge due to ionised 
dopant atoms since this region is depleted of mobile.carriers. The 
potential and space charge for a p-n-p drift transistor is shown in 
Fig. (6.5.1) for this extreme situation, In this state since the field in 


V, Potential 


E, Field 
— > 


Space charge 


Fig. 6.5.1, Punch through state, (a) Potential, (b) Field (c) Space 
charge in the base region of a p-n-p drift transistor 
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the base region accelerates the injected minority carriers it is 
expected that a) the transport factor would improve. Asa matter of 
fact, punch through type of super-g transistors having p, ~ 1000 
or more are constructed. utilizing this principle. The collector 
junction field in punched through state becomes high and care should 
be taken so that collector junction breakdown does not occur under 
this conditition of operation. Hence we estimate the punch through 
voltage for exponential base doping of the transistor assuming the 
collector doping is high enough so that the depletion region does not 
extend in the collector body appreciably. Taking the origin at the 
collector junction, as shown in Fig, (6.5.1) if the depletion region 
width is to increase by 6x from the value x towards the emitter a 
voltage ¿V drops across this incremental exposed space charge, This 
charge is given assuming unit area, by the product of the capacitance 

(e/x) and the ôV drop as, 
(e Yx ) = qNox s+ (6.5.1) 

WwW 

hence Vy; A qN x ôx/e s+ (6.5.2) 


To be consistent with doping described in equation (4.1.12) the base 
doping can be written regarding x positive on left of x = 0 as 


N= Nae exp [ -20 (1 - x/W) ] se. (6.5.3) 
From equation (6.5.2) with (6.5.3) we have for the collector to emitter 


punch through voltage 

Voi = (Na W°) (20 - 1 +e" **)/40%e + (6.5.4) 
For 6— 0 i.e. for a diffusion transistor equation (6.5.4) can be 
reduced to give 

Vre = (qNaW*/28) « (6.5.5) 
That is the punch through voltage from collector to emitter Vp; 
(C> B) is the same as Vy (E —> C) in a diffusion transistor. It can 
be shown for exponential doping of the base the ratio of these two 
punch through voltages for large values of 6 

Vix (C > E)/Vit (E> C)= (20-1) = 20 + (6.5.6) 

That is the emitter to collector punch through voltage for such 

transistors is lower than collector to emitter punch through voltage, 
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This is expected since, increase of voltage in the ‘latter case exposes 
less width of charge due to approach of the depletion towards 
increased doping as opposed to exposing large width of depletion 
charge due to ‘gradual decrease of doping in the former. The emitter 
heavy doping required to have high injection efficiency causes the 
emitter breakdown to occur earlier than punch through from emitter 
to collector. 

Normally the collector doping will not be as high as has been 
assumed in the above derivations for collector to emitter punch 
through voltage. The depletion layer will, therefore, extend in the 
collector side of this junction and this will need some voltage drop 
for its depletion. The actual collector to emitter punch through 
voltage ‘is, therefore, expected to be little higher than given by the 
expression (6.5.4) for the drift transistor discussed above. 

In order to measure the punch through voltage, a set-up as 
shown in Fig. (6.5.2) can be used. ‘A variable sinusoidal voltage is 
used to drive to collector base junction through a diode, as shown in 


Fig. 6.5.2. Swows a simple method for the measurement of punch through 
voltage of a transistor 


this Figure. The emitter and the Collector of the transistor are 
connected to the X and Y deflecting terminals of the Oscilloscope, 
As the a.c. voltage is increased from zero the size of the vertical 
trace on the oscilloscope increases. As soon as the punch through 
occurs, the effect of the collector Voltage reaches the emitter ; hence 
the trace bends along the X direction, The amount of the vertical 
portion of the oscilloscope trace gives. the corresponding punch 
through voltage of the transistor, v 
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6.6. BJT breakdown characteristics 


We have noted in Art. (4.17) that the junction diode breakdown 
is determined by the breakdown field of the semiconductor concerned 
and the doping levels on either side of the junction. In the junction 
transistor, the situation is a little different, since the junction 
breakdown is‘ always determined by carrier multiplication due to 
collision ionisation in the junctions high field region, whereas in a 
transistor the collector current crossing the junction before break- 
down depends on the base emitter resistance. For example, two 
extreme cases are shown in Fig. (6.6.1). In Fig. (6.6.1a), the transistor 
base is connected to the emitter while in Fig. (6.6.1b) the base is left 


(a) 
Fig. 6.6.1.. Shows the extreme cases (a) Base emitter resistance zero neglecting 
small base medium resistance x, (b) Base emitter resistance infinite (open base). 


open and in both cases collector to emitter voltage is applied. As 
usual the collector being negative with respect to the emitter as is 
necessary for p-n-p transistor biasing. In the first case (ignoring the 
small base emitter forward bias resistance) the collector junction 
leakage current flows fromthe base through the collector junction 
to the collector terminal. Whereas in the second case the base 
being open this current can not flow. But since Vow is applied the 
emitter junction is forward biased in addition to the collector 
junction reverse biasing. Hence to maintain zero current out of the 
base terminal the base emitter forward voltage drop adjusts itself to 
cause minority carrier hole injection by the emitter terminal such 
that the base current part of it becomes the leakage current through 
the collector junction, thus, making the base terminal current zero. 
As shown in Fig. (6 6.1), this implies the emitter injection current 
to be (Bo + 1) Io =Io/(I- a0). ao part of this flows as collector current 
of the transistor while (1— ao) part that is l plays the role of the 
leakage current. Hence the collector terminal and junction current 


remains as Io (1 +I 2o—) = (4 +1) Io. This is the mechanism how 
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the base terminal current is reduced to zero and can be visualised as 
the transistor injection caused base terminal current I, flowing as 
the leakage current through the collector junction without going out 
to the base terminal. Thus we have in this case a current of value 
(I,/l-a,) entering the emitter and flowing through the collector 
junction as well with no current in the base terminal. This shows 
that the current crossing the collector junction depends on the base 
to emitter resistance in the intermediate cases since the base terminal 
current flowing through this resistance will, in addition, determine 
the emitter base junction biasing voltage, 


Neglecting the forward bias diode d.c, resistance for the emitter- 
base shorted case the current in the base terminal is practically I,, 
the reverse biased collector junction leakage current. Hence this is 
more or less equivalent to the situation when the emitter is open 
while the voltage is applied between the base to collector, There- 
fore, the collector junction diode break down voltage Vogo is nearly 
Same as the shorted base transistor breakdown voltage Vopx. 


In the open base case, the total collector junction current is 
(1/1 —ao) which is much larger than I,. Moreover, the ao part of 
the carriers while moving through the high reverse bias field causes 
collision ionisation and hence the transport of carriers to the 
collector bulk is increased by the multiplication factor M thus 
making the collector current much larger, which can be written as 
I,/(1-aoM). Thus, we see that in the open base transistor large 
unrestricted current can flow. when aoM=1. This is, therefore, the 
junction breakdown condition for this case, 


It is to be noted that near ionisation caused breakdown, the 
collector junction current multiplication factor M can be written 
from equation (4.17.6) as 


Noe ona = (6.6.1) 
[ a (ve) | 
where for Si and. Ge, m=3, We can write for the diode breakdown 


voltage, the open emitter collector base breakdown voltage Vogo. 
In open base tase the breakdown Voltage Voro can be lower due 
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to larger junction current and that this breakdown is governed 
by 


a)M=1=-—_2—_- (6.6.2) 
bob le) | 
Vogo. 
Equation (6.6.2) gives Vouo ="/1—ap- Voro + (6.6.3) 
for Si and Ge, Vcxo = 3/1 =a Voro = - Voso ss (6.6.4) 


VBo 


This implies for a g, =125 the open base breakdown voltage is a fifth 
of the shorted base breakdown voltage. Moreover, even in the 
shorted base case once the avalanche breakdown has started at a 
comparatively larger voltage the current passing across the junction 
increases where again multiplication plays its role identically as in 
open base case. This is because the collision ionised hole carriers 
in a p-n-p goes through the collector body to the collector terminal. 
But the electrons (the majority carriers) gets injected into the base, 
This, in turn, causes equal amount of hole injection from the emitter 
into the base. Thus, we expect that once breakdown has started in 


i 


Fig. 6.6.2. Shows the transistor avalanche breakdown I/V characteristics for 
different base emitter resistances. 


the shorted base case also, equation (6.6.2) applies after breakdown. 
Hence with increased current in the shorted base case the voltage 
across the transistor is expected to settle downto the open base break- 
down voltage Voro as shown in the fig. (6.6.2). 

Lastly, since present day transistors mostly have base and 
emitter on the’ same surface (planar construction) and at the edges of 
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the emitter there is field lines crowding, breakdown at these edges 
may start near punch through voltage even if bulk junction break- 
down is a little away when at punch through voltage a breakdown 
characteristic may be obtainable (cf. ref. 3). 


An experimental set-up for tracing the avalanche breakdown 
characteristics is shown in fig. (6.6.3). A constant current source 
which can be a pentode tube that can supply the necessary break- 
down current is connected in series with the test transistor through 
the supply voltage E,. 


A resistor R is connected in series as shown to limit the 
current through the test transistor to avoid its accidental burn out. 
The variable grid voltage of the tube controls the current through 
this transistor which can be measured by the series mA in the plate 
circuit of the tube. The floating ground d.c. V.T.V.M or a very 
high resistance voltmeter measures the voltage across the test 


Fig. 6.6.3. Shows an experimental serve for current for avalanche breakdown 
characteristics. 


transistor. Different values of base emitter resistances Rə can be 
connected as shown in the Fig, (6.6.3). For each Ry varying the grid 
voltage, noting the transistor current and the voltage across it in 
steps one can obtain the breakdown characteristic as shown in 
Fig. (6.6.2). Switching the variable supply off from the grid circuit 
and switching ina sawtooth voltage of proper peak’ value one can 
observe the avalanche breakdown characteristics on the oscilloscope. 
For this the grid to cathode voltage, being proportional to the tube 
current, can be displayed on the Y-axis while cathode to transistor 
collector voltage can be displayed on the X-axis of the oscilloscope. 
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Problems 


6.1. 


6.2. 


6.3. 


6.4. 


6.5. 


6.6. 


Explain why p, versus I, characteristics of a transistor show a 
maximum. 

Assuming that in the normal mode of operation of a transistor 
T,=an I,+I, and in the inverse mode (emitter and collector 
interchanged) I, = a; Ie +Isọ show from equation (6.4.1) and 
(6.4.2) that with B=(1— an a) 

by,=(-Teo/B), bia — (as Io/B), bai= — (an Ieo/B) and 
baa=— (1, /B). 

Find the punch through voltage of an n-p-n silicon transistor 
having an uniform base doping 10**/cc with uniform emitter 
and collector dopings of 10'*%/cc, Assume s,=12 and 
W =2 microns, 

Find the punch through voltage if the base doping is linearly 
decreasing from emitter junction to collector junction. 
Assume the emitter and the collector doping levels as 10'*%/cc 
while the base doping is b ({—x/W)+c) where.b=10'°/cc and 
c=5 x 10**/cc, Assume an «= 12 and base thickness 2 microns. 
The base doping is exponential and is of the form 10'° x 
exp (—2.3 x 10*) per cc, where x is in cm, while the collector 
region doping level is uniform and is 10**/cc over one micron 
followed by 10+" doped substrate in an n-p-n silicon transistor. 
Find for a base width of 2 microns the punch through voltage. 
Assume the uniform emitter doping as 10*°/cc, 

Find the punch through voltages from emitter to collector in 
the three problems above and compare them with their 
counterparts of each problem. 
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6.7. 


6.8. 


6.9, 


6.10. 


6.11. 
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Find the emitter reverse bias breakdown voltages in the three 
cases in the above three problems. 

In problem (6.5) above if the epitaxial layer is absent what 
is the field at punch through in the resulting collector 
junction ? 

Find the collector reverse bias breakdown voltage in the 
problems (6,3), (6.4) and (6.5) above. 

In problem (6,8). above what should be the collector doping if 
punch through and collector breakdown are to occur for the 
same applied voltage with shorted emitter base ? 

Draw the grid voltage versus collector to cathode voltage 
characteristic in the experiment of art. (6.6) when a suitably 
large repetitive sawtooth voltage is applied to the grid of 
Fig. (6.6.3) for emitter base shorted and base open cases, 


CHAPTER 7 
BIPOLAR TRANSISTOR A.C. OPERATION 


In this chapter we shall find the equivalent circuit of ithe 
transistor applicable for a.c. operation based on the p-n junction 
diode ideas discussed in Chapter 4. In Chapter 4 it has been shown 
that the base region is entirely passive ; also we have obtained two 
admittance parameters seen from the carrier injection end, these two 
parameters will be utilised to derive the a.c. equivalent circuit, 


7.1, Transistor A.C. equivalent circuit 

It has been said that the base region of the transistor is passive 
entirely, the power gain of the transistor comes from the collector 
depletion region. Apart from the transistor action there are passive 
components namely the emitter to base depletion region capacitance 
plus the header capacitance C, s: the collector base transition region 
capacitance plus the header capacitance; of collector and base 
electrodes C,. 

(i) With this in mind, Fig. (7.1.1a), shows; the transistor 
equivalent circuit. ; 

(ii) The base current, i.e., the recombination replenishing 
majority current is supplied by the base terminal, whereas the 


Fig. 7.1.1(a) Shows the transistor equivalent circuit (b) seperates the power 
gain from the passive base 


12 
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recombination occurs at distributed points; hence the distributed 
resistances from base terminal to these distributed points is lumped 
AS Ty. 

(iii) We have noted in the previous chapter that the power 
gain comes from the collector depletion region hence the intrinsic: 
transistor equivalent circuit is represented in Fig. (7.1.15) where the 
power amplifier stands for the depletion region. 

We have assumed that no collector depletion region current 


multiplication occurs and at best there isa delay of amount T= a 
8 
hence a phase lag of oT giving 


i,=i,! eSeT Sh (7.1.1) 


As a first approximation we neglect this delay and the complex 
power gain in the depletion region becomes 
Yai 
vat s+ (7.1.2) 
the low frequency power gain and is essentially 
K=y,/v,’ s (7.1.3) 
the low frequency voltage gain. The transistor has been put in the 
common base configuration because, the voltage V, and V, can then 
be independently controlled. 
The passive networks terminal currents and voltages can be 
written, and v,’ can be replaced by v./K to have 
+ ype ta 


ip— 1.3 V1 +Y*a1B Va = y*11B V 


(1.1.4) 


Zagpo Ve 


iam y*a1B Vat Y*aaB0 Vo’ =)*eiB Vat 
on comparing this with the intrinsic transistors terminal current 
voltage relations 
i, = Y*11B Vit y* 198 V 
Wess S yes } a (7.1.5) 
la = Y"21B Vit)" aaB Va 


we find that y*n 
K =e ` (7.1.6) 
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In the chapter on diodes we have obtained the parameters 


yank (1+ Jo Tas) 
se (7.1.7) 


1 ; 
AP (-ao tjo Ts1) 


We need only to find the parameters y*,.» and y*ysn. 


1.2. Early effect 

To find the parameters y*,,, and y*,.5 in the early days of 
transistors the effect of collector base voltage variation on the carrier 
concentration at the collector depletion region boundary on the base 
side was taken into account exactly alike the emitter boundary but 
because the collector junction is reverse biased, this variation was 
small. Later it was found that there is a much more pronounced 
effect than the depletion region potential variation causing injection 
or extraction at this boundary. That is when this depletion region 
potential varies the depletion region width varies causing variation 
of base width, 


In the chapter on diode we assumed this boundary as fixed and 
the excess carrier concentration there essentially zero but because of 


X=0 xX——>Base X=W 


Fig. 7.2.1, Increase of collector junction reverse voltage decreases the base 
region width and an increase of concentration at the collector junction 
boundary of the base at dotted line at this instant, 


the variation of base width with collector base voltage the concentra- 
tion there would vary as shown in Fig. (7.2.1) by 6p. The collector 
base voltage being time varying dp also becomes time varying. This 
is known as Early effect. 
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This is equivalent to an injection at the collector boundary and 
keeping the previously found values for y*,,5 and Y*aıB the emitter 
current or collector currents can be found out for these injected 
carriers which, in their turn, would give the values for Y*ion and 
Y* 22B respectively. 

When we:proceed to find these we need to find out the value 
of dp due to variation of collector voltage. To find this injection 
level at the collector base depletion boundary due to Early effect, we 
start from the equation (4.4.3) which reads 


P (2- wv) w+, (4.4.3) 


Since at W the field current is zero (being P = 0) the hole 
current is 


Joo= Dya Ae rains (7-2-1) 
remembering that p at W is small we have then 
L Ipo aW, ao], dW\~ 
P- Daa dV, WV DaN T, 3 eee? 


The negative sign here only states the fact that when the collector 
voltage increases W decreases, dp is positive hence an injection. 
Because dW/dV, is negative simultaneously discarding the negative 


sign and taking the modulus of aW the a.c. collector voltage v% and 
e 


injection level Pw can be related by 


Golye 


iF dw 


Either in a p-n-p or an n-p-n transistor emitter base voltage 
magnitude increase causes the emitter injection current to increase, 
this flowing through a resistance load causes collector to base voltage 
magnitude decrease with consequent increase in base width, resulting 
in decrease of collector current. In this respect, Early effect implies 
negative feedback at least at low frequencies. This is viewed as Yop 
positive (note agreement with circuit Convention of current) causing 
Soe . A . Ea > : 

injection pw. This injected partiele flow is opposite to the flow of 
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particles injected by the emitter. The circuit convention of current 
flowing in by both emitter and collector is a fitting choice in this 


respect, 
Once we have obtained the a.c. injection level Dw as related to 


the collector base voltage Yap this Dw can be used to find the currents 
flowing due to Early effect at the emitter and collector ends, 


For this we need not solve. the continuity equation again. 
Instead we can use expression (4.10.6) and (4.10.7) for currents 
at the collector and the emitter end respectively with suitable 
modification. Firstly the carriers are now moving opposite to the 
direction of the built in field we replace 9 by — 0, secondly instead of 
a Poe we write pw the present injection level; thirdly, we take 
account of the reversal of the direction of current and the reversal 
of emitter and collector ends. With these in mind we’ can write for 
the current at the collector end from expression (4.10.6) as 


inw = APH Def. (y coth y 0) (1.24) 


substituting for Pw from eqn, (7.2.3) and noting that this current is 
in the direction of the circuit convention collector current we have 


Pein 
yraan= igt ngo |TT | (y coth y-o) s (7.2.5) 


Similarly, we write using the expression (4.10.7) the current at the 
emitter end as ‘ 


LADAP W (e-9.» cosech y) we (7.2.6) 


ipeo 
which with the value of pw substituted gives 


(e? y cosech y) Vos «- (7.2.7) 


dw 
PA 


Remembering that this current is coming out of the emitter terminal 
and opposite to the circuit convention of emitter current we have 


i pe 
Teo = Wr 2o 


‘set | dW 
yhans i= Tege Gv, | 7 v cosech y) vs (1.2.8) 
ol 
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Rewriting equations'(7.1.7) 


=! (@+ycothy) _ 1 , y 
J*11B= Te Gay coth x Tits (1+jo T11) s+ (7.2.9) 


= — Moe (y'cosech' pI 1 a 
Ta Ee eee) = 7 (20 + Jo Tas) = (7.2.10) 


We have obtained all the four common base‘intrinsic admittance 
parameters, From equation (7.1.6), (7.2.8) and (7.2.10), we have 


“kalns go |dV,| sinh y ay 
Kayes law © ERN (7.2.11) 


For the value of 9=0, i.e., for uniformly doped base transistor, the 
power gain is 


K,=25 [2 (1.2.12) 
The factor ne can be easily found out, from the expression for 


the depletion region width ‘d’ of a step junction when base doping is 
very light compared to the collector doping, from equation (3.1.6) 


[28% Vt? aN 
d E (3.1.6) 


Since in this case the depletion region extends mainly into the base 
we have 


dW_-d(d)__[ se ie j 

N av, lz Na V we (2a) 
where for reverse bias Vy= V, + Vy. 

A typical example if Nz=10**/cc and N,= 102°, W- 10*V/cm 


and for a base width W=2.5 micron the power gain at room 
temperature becomes ~ 10°, 


In a drift transistor with the increase of collector voltage the 
penetration of the depletion region in base is less than that of an 
uniform base (diffusion) transistor. This is because increase of 
voltage brings the depletion region boundary into higher and higher 
doped region hence lesser penetration into base. Therefore, in a 


drift transistor an is much greater than in a diffusion transistor. 


i 
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Over and above for ọ > 0 both e’ and (exe) are greater than unity 
o 


hence the power gain (cf. equation 7.2.11) is very much greater ina 
drift transistor and this enables present day transistors to have lower 
base width ~ 0:5 micron still having power gain 10,000 or:-so. Less 
base width, in turn, gives less base transit time and so higher 
frequency of operation, The highest order of magnitude of K occurs 
for 9=4, W/L <1 and if W=0.5 micron, then |dV,/dW|=10 
volts per micron approaching the breakdown field 200 KV/cm. 
Lastly, approximate expressions can be written for y*,on and y*oon 
from equation (7.2.10) with (7.1.6) 


y*ap~ gy, (- a0 + jo Tas) ve (7.214) 


From equations (7.2.4) with (7.2.6) define 


e~’ yo cosech yo es (7.2.15) 


(ivoolivow) = ao = Yo coth yo ~ 0 


It is to be remembered that the reverse ao, is appreciably lower than 
the forward a, because of lower emitter area than the collector 
electrode also, 


Rewrite equation (7.2.5) with (7.2.11) and (7.2.15) as 


YaB A E (L+jo Taa) ss (7.216) 
where 
Tago eè, Ti; ss (7.2.17) 
ao 


7.3 Intrinsic a cut-off frequency 

By intrinsic a cut-off frequency, we mean the a cut-off frequency 

of the intrinsic transistor., We have also mentioned how this 

ultimately turns out to be the base region transport factor (cf. 

art. 6.3). This is again from equation (4.11.1) 
ye 


=g sin y+ y cosh y (7.3.1) 


For a certain transistor a value of ọ may be taken and a value 
of E < 1 can be taken and the value of y= (0° + W°/L,°) can be 
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computed: -Since pa (pott Jo a a value for w Lk can be 


assumed and the value of y cai be found as a complex quantity 
(a+ jb): The cosh y and sinh y terms can be expanded as cosh y 
=cosh a cos b+ 7 sinha sind and sinh y=sinh acos.b+j cosh a sin b 


—B 


Fig. 7.3.1. (a) Complex plot of (alao) 


—h 
(b) 
(b) w w?/D, plot versus y, 


and the value of a can be computed. The value of ao can also be 
computed easily. The ratio (a/a,) can be found out in the form 


2 
A+ JB for the assumed w D: A complex plane plot of the this can 
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be made with the value of rt marked on the point as shown in 
D 


Fig. (7.3.1a). Similar curves can be obtained for different values of 
vo Tanging from very small to the value 4. The mae of each 


curve with a circle of radius 0.707 gives the value of » ~— be Wi which gives 

the corresponding cut-off frequency for this value yy. If w*,a is the 
2 

cut-off frequency then w*.q tur corresponding to each value of y, can 
ks kd 


be read off from-the marks on the curves and plotted against y, as 
shown in Fig. (7.3.1b). Joining these points and by trial and error 
one can find as equation for this curve as 
2 2 
ote p= (+ yt") a eae 
which in turn gives 


a tan Oe (1+ yo*!*) 6. (7.3.3) 
for the intrinsic a cut-off frequency as related to the built-in field, 


since, 9 ~ y, and E-W 20 
From the TN oomo a first. approximation to the 

equation (7.3.1) can be written as 

ao 


[i +i =] A (T314) 


The phase from this expression at w“.a is 45° lagging. While the 
diagram shows that the phase increases with yo, For each value of 
Yo at w*q the phase can be read from Fig. (7.3.14) and the value less 
45° can be plotted as a function of y, to give the extra bit of phase 
lag that can be incorporated in (7.3.4); hence a little more com- 
putation indicates, a can be expressed as 


a=[ 40 / 2] exp |- j5 (+yo) A = (7.3.5) 


7.4 Extrinsic cut-off frequency 
In this section we shall consider how the external parameters 
such as C,, C} and rẹ, see Fig. (7.4.1), would modify this intrinsic 
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cut-off frequency and how the overall cut-off frequency is related to 
these external parameters and the intrinsic ones. 


Fig. 7.4.1. Showing the output shorted Fig. 7.4.2. Shows the plot of 
transistor in C.B. (U/L) versus (1/wa) 


When we think of the overall transistor cut-off frequency, we 
need to find out (i) when the base collector has an a.c. short. Using 


the common base intrinsic parameters one can easily show for the 
overall transistor 


= I*a t Uo JAY + jo Co (Y* 139 + Jal + JoCo ¥* 595] 
Viro + Jae + [rs {AY*, + SoC, 115 + JoCo) + JoCa * aa] 
(7.4.1) 
where Ay") =(y*110 Y*a20—)*100 Y* 930) =e (7.4.2) 


Since it is practically impossible from the expression (7.4.1) to 
visualise how the different extrinsic parameters are controlling the 
overall a, we resort to a rough approximation as a guide to have an 
analytical result. In doing this, we ignore terms containing Y* oad 
and y*,., since they are small by there having K, a large quantity in 


the denominator and approximating sai = jw Telos We have on 
11b 


a 


simplification 


a* A 
(rantir c) 


Considering ao= 1, ignoring the phase factor | Z(1+y,)—2] and 
TSS PO See 
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assuming r, C, << (c. Tet — +1sC2)> it can be easily shown that 
w ca 
the a cut-off radian frequency wsa can be written as 


1 1 
ae ata Catre Ce s (7.4.4) 
Taking recourse to computational method, Lyndmayer (cf. ref. 1) 
finds from (equation 7.4.1) 


La Dihs +r Ce+ 2r, Ce wei (74.5) 


Mca W ca 


To get a feel of the extrinsic parameters modifying effect on the 
intrinsic alpha cut-off frequency, let us consider a typical problem. 
A transistor has 9=2, assume D,=50cm*/sec and W=1 micron. 


Since a << 1 taking 9=y,= 2, we have f*.. =6.9 GHz. Assuming 
p 


C,=15 pf r,=100 Ohms, C,=1 pf, r, C, time constant reduces the 
fea to 715 Mejs while r, C, gives a strong current dependence, At 
1 mA, the overall f,,= 266 MHz, at 6 mA 556 MHz. Thus we see 
that in a practical transistor the external parameters reduce the 
overall cut-off frequency by factors of 10 to 20. At these frequencies 
the intrinsic transistor is basically working in its low frequency 
mode. 


Equation (7.4.5) can be written as 


+ -|c SF +(2r C,+ =l + (7.4.6) 


wa 


(l/a) can be measured for different values of (1/I,) and plotted as 
shown in Fig, (7.4.2). This is a straight line which can be 


extrapolated to yield ere ; hence C, is obtained from the slope and 
(l/o* ca + 2ra Cp) as the intercept on 1/wsa axis at 1/I, > 0. 


7.5 Common base extrinsic parameters 

In this section we shall find out the common base extrinsic 
parameters using the CB intrinsic parameters and the external 
elements C, and C, as shown in the Fig. (7.5.1). 
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For the network on the right the small signal current voltage 
relations can be written as 


io=Via0 VootYr0v Voo } we (7,5.1) 
To= Yard Voe t+ Vaod Voc 


Fig. 7.5.1. Shows the equivalent newtworks for inclusion of extrinsic 
parameters into the Black Box 


whereas for the intrinsic active network on the left, we can write 


iiL = Y*a1b Poat Y* i190 Voo ai 
lor =Y*a1b Voo + Y*a2b Voo } (7.5.2) 


From, equations (7.5.1), (7.5.2) and fig.. (7.5.1) for MWe=0; 
ig= tos 


ie der thy ¥* 11) Moot joCe Yoo m 


Yay, Yoo Vow V* 1104 JoCe 
(7.5.3) 
i i, 
Vaso t= hm yee, “+ (7.5.4) 


Voa Voie 
Similarly, when v». =0, i,=i,, and from eqns. (7.5.1) and (7.5.2) we 
have 


ig P ti : 
Yanmg i = "aat JoCo s+ (7.5.5) 
s UOA 
Jae y Y a s+ (7.5.6) 


7.6 Common Emitter Parameters 


In this article we shall find out the common emitter extrinsic 
parameters from the common base extrinsic parameters of the 
previous article, Since in the common emitter configuration the base 
isthe input terminal, the base resistance can be included in series 
with the base terminal later on. 
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Fig. (7.6.1) shows the common base and the common emitter 
configuration’ y parameters with input and output currents and 


COMMON BASE COMMON EMITTER 


Fig. 7.6.1 Common Base and Common Emitter 
voltages marked. Since in circuit convention all the currents are 
entering we have i,+i,+i,=0 and the voltage added vectorially 
Voe + Veo — (Voe) = 0 i.e., Voo — Ven etc. s+ (7.6.1) 
The common emitter eqn. can be written as 


ty =Yare Veo t Vie Veo : os 
ig=Yare Veo + Yose Vec } JEA 
While the common base equns, can be written as 
ie =Y11b Voe + Vind Voo aks 
1g=Yarr Voo + Yaad Voo } 7.6.3) 
From (7.6.3) with (7.6.2) we have 


in = — (is +io)= (V11 + Vor) Yeo — (120 +2200) (Voo + Veo) 
= (110+ Yrab + Varv + Yaad) Yor —(Va20+ Yoav) Yoo 
s+ (7.6.4) 
Again from (7.6.3) with (7.6.2), we have, 
ig= Yar Voe + Voad Yoo= —Yarb Veo — Yaad (Voo + Yeo) 
= —(YorntVa00) Yor + Yaad Yoo ter (7.6.5) 


Comparing appropriate eqns. si 2) with (7.6.4) and of (7.6.2) with 
(7.6.5) we can write 


Var0e=Vaabt+Vravt Yard tYVaav 
Vane — (100+ Yoo) 

Yar0e= -W210 t Yaar) 

Vaae= Yaad 


(7.6.6) 
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Equations (7.5.3) to (7.5.6) give the formulae to be used for obtaining 
the common base extrinsic y parameters from common base intrinsic 
y parameters, While eqn. (7.6.6) gives the formulae to obtain 
common emitter extrinsic y parameters from common base extrinsic 


Fig, 7.7.1, A general two-part network 


y parameters, For quick reference, common base intrinsic y 
parameters can be written from eqns. (7.2.9, 7.2.10 and 7.2.14) as 


1 É 
iota (1+jo T11) 


Paang (~ao tjo Ta) (1.6.7) 


1 s 
W1 Kp, (-ao + jo Te1) 


1 4 
Y“ Rr, si (1+ jo Taa) 


and from equations (7.5.3) to (7.5.6) 
Vir =)* 110 + Jo Co 
Yaro=)* arp 


Visv=V* 190 
Yoov=V*eent Jw Ce 


(7.6.8) 


Se 


4.7 Equivalent Circuit 

In this section we discuss how we can obtain the equivalent 
circuit of the transistor. This section does not confine to any 
specific transistor configuration and so refers to the physical 
quantities in terms of y parameters of the particular configuration 
and so the subscripts b or e have been dropped. 

From the figure (7.7.1), we can write the current equations as 


iam Jir Vit Yan Va } 0%. (171) 
Tg™Va1VitVea Va 5 
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The first of these equations can be written as 


abu Yaa ti) 
ie Vir Vir E Nag 
Substituting this in the second equation of (7.7.1), we have 
eat ed Ft Ay Bs 
fant Wien ae (7.7.3) 
where Ay= (V11 Yo2—Vis Voi) s+ (7.7.4) 


From equations (7.7.2) and (7.7.3) respectively the input 
equivalent circuit and the output equivalent circuit can be set up as 
in Fig. (7.7.2). 


Fig. 7.7.2. Input and output equivalent circuits applicable irrespective 
of configuration 


In Fig. (7.7.2a), the voltage v, is the sum of two voltages, one 
due to drop in impedance (1/y,,) and the other, a feedback factor 
(- 12/11) Yas In Fig. (7.7.26), the current is the sum of two 
currents, one due to a current generator and that in the impedance 
(Y11/Ay) due to vas 

To set up the equivalent circuit in any particular transistor 
configuration, use will be made of equations (7.6.7) and (7.6.8) for 
common base configuration and (7.6.6) with (7.6.8), and (7.6.7) for 
common emitter configuration, 


At very low frequencies, all the y parameters can be replaced 
by their conductance parts because the reactance parts tend to zero 


Fig. 7.7.3 Input and output equivalent circuits for low frequency 
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and in that case the equivalent circuit can be formed as shown in 
fig. (7.7.3) where g,, is the eater cat part of y,, and so on; 
while 


Ag=(811 Gas gaia Sas) s+ (7.7.5) 


7.8 Low frequency power gain 

The low frequency power gain of the transistor was found as K 
that comes from the voltage, varying across the collector depletion 
region, The current is controlled by emitter injection and recombi- 
nation in base. The base collector junction, being reverse biased, 
has no control over this current though it is flowing through the 
collector depletion region and is doing so, without any extra 
potential drop. If the load resistance is zero, there will be no 
variation of the collector depletion region voltage hence no power 
gain would be available. The presence of load causes this voltage 
variation and so the base width modulation and the associated 
negative feedback. Fortunately this negative feedback is low. 


In this section we examine what is the maximum available 
power gain of the transistor. Fora certain load Rz the transistor 
power gain is obtained as ? 

Rg z: 

ET +Rr Aste Ru. Bis) 
This power gain has ta, calculated in terms of Ry. This is for a 
certain Rr, the output voltage hence the feedback voltage has certain 
value in terms of input current and hence the input power is 
‘obtained, while the output power is determined by the input current 
and Ry. This power gain would vary if Rz is varied because of the 
reasons : the input alone can get matched or the output alone can 
-get matched or both input and output can get matched simul- 
taneously. Maximisation of power gain given by equation 
(7.8.1) gives us the maximum output from maximum input, That is 
the input and the output are both matched. 


Power gain= p Po (7.8.1) 


The load necessary is obtained by differentiating equation (7.8.1) 
and equating to zero ; is 


Ry= ,/ = 822 $h 
L ea meses (7.8.2) 
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Under this matched condition the generator resistance is 


J= LETIN LOT FBS 
R- pee S11 ( ) 


and is equal to the input resistance. 


With input and output matching, the maximum available power 
gain is obtained as 


Gmi (784) 
Ag [try +3 Bas! . 


From eqns. (7.6.8) and (7.6.7), we can write the low frequency 
common base extrinsic parameters ignoring r, as* 


wee 
8110 Fa 


Praen Rr, ae (1.8.5) 


1 a | 


and | 
ao(1— ao aoi) 
eng RET 


The maximum available /. f. common base power gain, as obtained 
from eqn. (7.8.4) with eqn, (7.8.5), is 


(Guise) coins pence ey pas Sp UPR FN 
(1a aoi) [1 +4/ g- 2 L] 
since both a, and ag; have near unity values. 


The ratio of output to input impedance under matched 
condition is 


$13 2K Mot ~ K Cat. (7.8 
Eaa are £652) 


NP. r, would cause a feedback in CB and easily can be treated as a circuit 
problem along the lines indicated in this text, 


13 
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Therefore for cascading CB stages, step down transformer 
having turns ratio of /K has to be used for matching input of second 
stages to the output of first stage for maximum power transfer. — 
Consequently, if the input and output are matched the voltage gain — 
per stage is only ./K. 


74.9 Unilateral power gain 

Unilateral power gain is the power gain when power flows in 
the forward direction only. That is in the present case if the feed- 
back generator is eliminated unilateralisation occurs. Assuming that 
the feedback parameter g,, is absent i.e., equal to zero the unilateral 
power gain can be calculated. For output matching (cf. Fig. 7.7.3), 
Rn=21:/Ag so half of the current of the current generator flows 
through this load to give the output power 


a (821 i)’. Sia a 
Pout = (£22 3) Eas (7.9.1) 
while the input power is Pin -h . (7.9.2) 
11 
2 
Hence power gain u-i s+ (7.9.3) 


From (7.9.3) and (7.8.5), we have, for the intrinsic CB transistor, 
unilateral power gain 


Kan a. 
ae ET “+ (7.9.4) 


From the common emitter configuration from equations (7.6.6) 
with (7.8.5), ignoring terms containing frequency, we have 


-a 
Te 


1 
8110= 
E120 -—o— (l -ao:) 

Gog Kr, S 


Ba T b « (7.9.5) 


ao 


Ea" i Kr, 


and 
A8e= ao (l -a0 ao0:)f(aoi Kre) J 
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From eqn, (7.9.3) with (7.9.5), we see that the unilateralised CE 
power gain is 
K aoai 
4 (l Z do ao:i) sag me) 
Thus we see that the unilateral power gain i.e., the maximum gain 
available of a transistor having no internal feedback is same (cf. 
equation 7.9.4 and 7.9.6) in both the configuration. This is true so 
long gi, hence the feedback is ignored. In this respect the common 


emitter g4 24= SIKT. (1-ao,) is much less than common base 
t o 


q R . . . 5 
81907 es and so unilateralisation is nearly there in common 
è 


emitter configuration, From the above consideration, it can be said 
that in CE configuration the power gain is higher than in CB 
configuration because in CE, more near unilateralisation exists. 

At this stage it is worth considering input and output 
impedance levels. Since g,,, in either configuration, is low because 
primarily of high value of K, it is quite in order if g,. is ignored. 
The input impedance of the two configuration CE & CB can be 
compared ignoring r, The input resistance under the above 
restriction is 1/g,, and the output resistance g,,/Ag. This gives 
(c.f. equations 7.8.5 and 7.9.5) for CB configuration, the input 
resistance r,=(I/g,,,) small while for CE configuration, input 


Tees 
I-ai eee 


Lap aoi 


As for output resistances in cp, Rte [| | 
o 
i.e., very large ; while for CE configuration it is 


(1.9.7) 
Ke n ( fot — Sot re lower than in CB 


=a 
Thus we see that in the common base configuration the input 
resistance is low and the output resistance is very high whereas in 
the common emitter configuration, the input resistance is. of a 
moderate value (for ImA and $o =100, i.e.s ao =0.99, Bore =2.5 K- 
Ohms) while the output impedance is also moderate for K=10* and 
r,=25 Ohms, 6, =100 and g,,=20 it is 50K Ohms, whereas the 
common base value 5x 10° Ohms. The CE configuration has more 
moderate impedance levels, so this is preferred by circuit engineers. 
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7.10 High frequency consideration in CE configuration 


In this section the CE high frequency parameters and equivalent 
Circuit will be considered. From eqns. (7.6.6), (7.6.7) and (7.6.8) we 
can write the high frequency CE extrinsic parameters neglecting 
terms containing K in the denominator as 


Vison IC- ao) + jo (Te + Ce ra Co 10] 


CEE: ++ (7.10.1) 
Yare= TA (- a9 + fwT21)-jwC, 
Y220™ JwC, 


From (7.10.1) we can easily find out the high frequency equivalent 
circuit parameters and can frame the equivalent circuit according to 
Fig. (7.7.2). The base resistance in CE consideration is not 
common to input and output ; this can be put in series at the input. 


Using eqn. (7.10.1) implies that the value of K has been 
assumed very high i.e., the output impedance very high. Considering’ 
that for wide band design, gain per stage can be kept small, the value 
of load resistance will be small ~ 1K, 2K. Ohms; hence this 
approximation should be proper. This approximation shall not give 
an accurate value for the output impedance but would be adequate 
for considering the roll of device parameters in influencing high 
frequency performance, 


7.11 g Cut-off frequency 


B is the common emitter short circuit current gain and this can 
be written as 


Yn. 


(7.11.1) 
Substituting values from eqn. (7.10.1) 
anie ao -joTa 1 -jwC.r, 
Jı1e (l-00) +jo [T, +7, (G+J x mua 


remembering T,=T,,+T., ; 6 can be written as 


ae ao -jo (Ts -T11 +r; C.) 
f= a) +Jo [Ttr (CF CO] vs (7.11.3) 
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Equation (7.11.3) can be written, since a, = 1, as 
a L~jo (Ty-T., +17 Co) 5 
Bay T+ fo Ga TCi F Cal s+ (7.11.4) 


Considering that the time constant in the denominator is very much 
larger than that in the numerator of (7.11.4), the frequency variation 
of g shall be influenced by the denominator time constant much 


Log cg Log® 7 


Loga—> 


Fig. 7.11.1 Variation of 8 with frequency (Note Log-Log scale) 


earlier in frequency scale than due to the numerator time constant. 
Additionally, the numerator time constant can be ignored because 
when we speak of cut-off frequency, squares of these terms would be 
compared to find their effect on g magnitude. So, we write eqn. 
(7.11.4) as 
fen Sea TLS 
B 1+jo/oce eet) 
where 
L ng, (Te +r (C, +C3)] «i (1.11.6) 
Mcp 


The time constant [T, +r, (C.+C.)] is dependent on emitter current 
otherwise it is a constant of the device since it is made up of the 
transit time through the base, Cand C,. For a certain operating 
current of the transistor, it is a device constant and is denoted by 
(lor). That is, we have in addition, 


t-j G +C) | ve (7.11.7) 
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From eqn. (7.11.6) and (7.11.7), it is seen that 
OT = Bo wos sss (7.11.8) 


Eqn. (7.11.5) is plotted in Fig. (7.11.1), where it is seen that at 
©= eps the value of g falls by 3 dB from its low frequency value and 
at very high frequency, g falls by 6dB per octave. In this frequency 
range, w/w:s > 1 and eqn. (7.11.5) can be written as 


18| _ wes 
Bo œw 


with eqn, (7.11.8) 
Bo wep =ar=w |B| ses (7.11.9) 


Eqn. (7.11.9) shows that when » =o, 18] =1, that is, wy is a radian 
frequency at which the transistor’s g has fallen to unity. 


In this it is to be remembered that the transistor is used 
normally below fr and the manufacturer specifies fr for its ease 
of measurement, The value of || slowly rises near fr because of 
the time constant in the numerator that has been ignored of eqn. 
(7.11.4). At this high frequency, the collector depletion region 
transit time of carriers also becomes important which has been 
neglected in the operative Tange of the transistor, 


7.12 Measurement of transistor parameters 


In this section, the measurement of the transistor small signal 
parameters fr, T,, Ce, C, & r, will be considered. For the measure- 
ment of fy & T,, one needs only to measure || as a function of 
frequency. A typical circuit shall be of the form as shown in the 
Fig. (7.12.1). D.C. current and d.c. voltage can be set by potentio- 
meters P, & P,; R, & R, are acting as potential divider giving a 
low impedance small voltage source for driving the transistor base 
current, which can be computed from the value of R, & R,, the 
transistor input impedance being neglected in comparison to R;. 
Measurement of voltage v, by a V.T.V.M. gives the a.c. voltage 
developed across the 30 Ohm load which is a practical short circuit. 
Thus the collector current is obtained and hence the ratio of 
collector current to base current can be computed knowing the 


voltage v, at the output of the Signal generator. C, and C, are by- 
pass condensers. 
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If v,=5 volts with the typical values quoted in the inset, 
voltage across R, is 50 my which gives base current of the order of 
1 uA, the a.c. base emitter voltage at 0'5 mA d.c. emitter current 
with ŝo = 100 is about 5 mv, which ensures that this is much smaller 
than kT/q. 


Thus for a certain In & Vox the value of g can be experimentally 
determined up to values of frequency w S wp and plotted as shown 


300 P3 


Fig. 7.12.1. Circuit for measuring £ vs, frequency 


in fig, (7.11.1), The straight line portion is extended to the point 
(-20 10810 Bo) dB and the corresponding frequency is wr. 

Thus for different values of I, and Vcr, wr can be experi- 
mentally determined. To determine T, or (C,+C,) as a function of 
Von, for each Vor one can plot 1/I, vs. 1/or as Shown in fiig. (7.12.2) 
Icf. eqn. (7.11.7) b extrapolate the straight line portion to obtain 
1/or=T; at 1/I,=0 and the slope gives (KT/q)(C,+C,). Thus for 
different Vog, determination of (C. + C.) enables one to find the effect 


4 
A Tan K Cetce) 


` 1 il 
Fig. 7.12.2. Plot of A vs. (z) to obtain T, etc. 
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of Von on (C,+C,). Fora constant emitter current with increase of 
collector voltage, the collector depletion region width increases, the 
base width narrows ; therefore, T, decreases as also C, ; hence wr 
increases with Vog. 


Measurement of base to emitter voltage in fig. (7.12.1) by a 
V.T.V.M. at very high frequency such that » > =e shall give the 
ewe 


voltage drop in r, The current through r, in Fig. (7.12.1) is known 
hence r, can be determined, 

Reverse biased junction capacitance C, can be successfully 
measured by substitution method in a resonant circuit, or a Q meter 


Fig. 7.12.3. Circuit for measurement of reverse biased junction capacitance 


as shown in Fig. (7.12.3). Resistance R is very large compared to 
the reactance of the capacitor being measured. The microammeter 
gives current hence computation of reverse bias voltage can be done 
from R and d.c, supply voltage V. If the d.c. supply is derived from 
a battery eliminator, then the earth of the battery eliminator and that 
of the Q-meter should be one and the same. The earth remains 
connected, the resonant system is tuned, the live terminal L is 
then connected and the calibrated variable condenser is readjusted 
for resonance. The change in the value of the variable condenser 
C gives the measured value of capacitance. Variable d.c. voltage 
supply enables one to measure C, versus voltage. 


7.13 High frequency equivalent circuit 


For a certain transistor, the frequency w > weg, is regarded as 
its high frequency range. For this range, a simplified equivalent 
circuit in the C.E. configuration can be easily found by using the 
common emitter y parameters as given in eqn. (7.10.1) in the 
equivalent circuits of fig. (7.7.2). 
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Substituting (1/wr) for [Ty +r, (C,+C,)] in the expression for 
Yıı Of eqn. (7.10.1), we have 


Yuen pe! [(-a0)+J zl e. (7.13.1) 
from which 


1 a (rel T=a5) Bo te < (7.13.2) 


Piae [147 (6540 | [rs] 


Since 


it 
ERE = (Bo +1) = Bos 
this impedance isa parallel combination of a resistance fr, and a 


capacitance C= 


wT ja 
For the component 


1 (Vore/Y1se)=B i= RTE (7.13.3) 


i, is the input current, i.e. base current in C.E. configura- 
tion. While the component (y,,./Ay.) can be found out using 
equation (7.10.1) as follows : 


The admittance an- -| 7 zau] ve (7.13.4) 


Substitutingthe values for Vases Yio. and z Pian) from equation 


(7.10.1) and (7.13.3) we have 


Ar E 

: Jw Ce (1+ EE ) 

This is sum of two admittances, one due to a capacitance C,, the other 

due to jw C, Bo/ (1 +j z The later admittance is due to an 
Wc; 


impedance. While this impedance is a series combination of 
resistance (Cr,/C,) and capacitance poC,. Therefore, the admittance 
is dueto a capacitance C, in parallel with an impedance formed of 


a resistance g and a capacitance fọC, in series. For the range of 


(7.13.5) 
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frequencies w > wp, the component yea becomes Coy,. Hence 
11é 


using these components and Placing the base distributed resistance 
Ta im series, the h.f. equivalent circuit can be drawn as in 
Fig. (7.13.1). 

For considering the components responsible for high frequency 
performance of a transistor, this circuit can be further simplified ; 
if we remember for very high frequencies w > weg and higher, the 
first term in the denominator of eqn. (7.13.3) drops out, the 
component (1/y,,.) becomes capacitive and practically a short 


Fig. 7.13.1. H.F. equivalent circuit of transistor in C.E, configuration 


circuit. Lastly, ignoring the feedback which is small, for very high 
frequencies the equivalent circuit reduces approximately to that shown 
in Fig. (7.13.2), 
7.14. Maximum frequency of oscillation fm 
The maximum frequency of oscillation is a frequency when the 
unilateral matched power gain falls to unity. For output matching 
one would need a variable inductor of value (l1/* C,) to tune out 
ib 
"b 


Fig.. 7.13.2 Simplified circuit for still higher frequency 


the capacitance C, and an output load resistance of value (Cr,/C,), 
when the circuit of Fig. (7.13.2) becomes with this sort of load as 
shown in fig. (7.14.1). The power input to the transistor is Pin= 
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i,2r, while the matched power output is jer is) Ge where Cr, 
‘ce 


=I/or. At very high frequencies the power gain becomes 
Gur-[g-@ os] ve (7.14.1) 


Note that this power gain falls at the rate of 6 dB/octave. This 
ib 


fb 


Fig. 7.14.1. Matched, output capacitance C, tuned out, circuit 


power gain becomes unity at a frequency, known as the maximum 
frequency of oscillation 


farli al” ss (7.14.2) 


This frequency is another transistor frequency of merit, dependent 
on the construction of the transistor which, in turn, decides the 
values of rp, C, and fy. Lower r, and C, are, and higher fr is, higher 
is the fm also. 


As an exercise the student can find for high frequencies, the 
output impedance in CE configuration, Hence show that for 
wo <o,g, the output impedance is a resistance given by the 


parallel combination of [er Ko] and E bos) 
0 


ao Bo 
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Problems 


Malis 


eas 


13. 


7.4. 
1.5. 


7.6 


1I 


7.8. 


7.9, 


7.10. 
TAL 


7.12, 
7.13. 
7.14. 


7.15. 


Calculate the maximum low frequency power gain in CB 
configuration if the base resistance r, is included in the 
calculation of equation (7.8.6). 


Show that at fr the transistor a has a real part equal to 0.5. 


At ®=0'L or, find the magnitude of g and its phase with respect 
to its low frequency value, 

What is Kirk effect? How does it affect the fr of a transistor ? 
Deduce the hybrid z model equivalent circuit for a diffusion 
transistor, 

In the common emitter configuration, if r, is considered, find 
the expected voltage gain, current gain and power gain when 
such stages are connected in tandem. 

Find the input output matched voltage gain, current gain 
and power gain in CE configuration if ry, is not considered. 
Argue to establish that the diode characteristics of the emitter 
base junction is much more steeper when the base collector 
are shorted than in the open collector configuration. 

Find the fy of a transistor having base width 2 microns, base 
region diffusion constant D,=30 cm*/sec, base doping 
exponential, the exponent being 29=2'3, at a current of 
(a) 1 mA, (b) 5 mA, (c) 10 mA. Assume C,=30 Pj, C,=2 Pf 
and r, = 50 Ohms. 

Find fnax Of the transistor of problem (7.9) above at 5 mA. 


Find the low frequency power gain of the transistor of problem 
(7.12) ; hence voltage gain in CB configuration at 5 mA, 

Find the low frequency power gain x fmax product of the 
transistor in problem (7.11). 


Find the H.F. power gain at f=m Jmax of this transistor at 
5 mA, where m is a fraction. 

Find the low frequency output impedance of the transistor 
above in (a) CE configuration, (b) in CB configuration. 

Draw the more accurate equivalent circuit of the junction 
transistor as indicated in article (7,14). 


Chapter 8 


TRANSIENT RESPONSE OF BIPOLAR 
TRANSISTOR 


The ON resistance of a transistor is only a few Ohms whereas the 
OFF resistance can be easily of the order of a few hundered kilo- 
Ohms, Thus the transistor is an efficient switch, In switching 
applications, we are interested in the speed of the switch. Though 
the overall switching speed would also depend on the stray 
capacitances in the circuit, still it is worth knowing the maximum 
switching performance attainable if the stray capacitances were nil. 
In such ideal cases, the particular device speed capability will dictate 
the highest attainable speed. 


8.1 Transient times 

When a transistor is driven from OFF to ON and ON to OFF 
state by base current drive as shown in Fig. 8.1.1b, the collector 
current wave form, as in Fig, 8.1.1c, is obtained, 

Though the base current step has occurred at top, the collector 
current does not rise till a delay time (f4,), has passed. This time 
will be called the turn on delay and arises due to the passive input 
capacitance charging of the transistor from the OFF state to the 
cut-in state. 

After this, the current in collector terminal rises and aims 
towards the final value. But it is difficult to recognise exactly where 
it started to rise from and is rather slow towards the end of its 
excursion. So the rise time t, of the current waveform is defined as 
the time to rise up to 90% of its final value from its 10% value. 

On the other hand, when the base is driven to turn the 
standing collector current off, between the time of application of 
the off drive to the time when the collector current starts decreasing, 
there is a time delay. This delay time to called the storage delay (t,). 
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Durring this delay time, no appreciable change in output current 
waveform is observed. 


After the expiry of the storage delay the collector current falls 
towards the zero value, The time that elapses from the end of 
storage time to the fall to 10% value of the collector current is called 
the fall time t,. 


The turn on time of the transistor is fon = ta, +t, 
Similarly, the turn-off time of the transistor is ton = ts +t } 
(8.1.1) 
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Fig. 8.1.1, (a) Transistor switch, (b) Base current wave form and 
(c) Normalised collector current wave form vs. time 
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8.2 Computational models 


The methods that are used for the determination of ON-OFF 
times of the transistor are of three types, The equivalent circuit 
method, Ebers Moll model and the charge control method. In the 
equivalent circuit method one uses the small signal equivalent circuit 
and forward and reverse current transport parameters to calculate 
the switching times (cf. ref. 1). In. the Ebers Moll model, use is 
made of equation of the form (6.4.1) and (6.4.2) to describe the 
transistor where the constant b’s are functions of frequency through 
forward and reverse a’s (cf. ref. 3). Lastly, in the charge control 
model instead of the current, the total bulk charges; those are 


enough drive 


For Saturation 
lot enough 


(b) — t 


Fig. 8.2.1, (a) Shows base region charge, (b) Base current for over drive and 
insufficient drive, (c) Corresponding collector current 


t 
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introduced by the signal voltage, are used to represent the signal and 
the information content therein. On the face of this it might appear 
that this would be an inaccurate method. Surprisingly enough, 
properly determined parameters can sufficiently accurately predict the 
transistor performance under all conditions. The conditions that we 
have in mind are: (i) the cut-off condition, when the base emitter 
junction is reverse biased and the collector current is cut-off, (ii) the 
active region, when the transistor is acting in its normally used 
amplifying mode and (iii) the saturation or storage region, that is, 
the region of operation when the transistor is expelling excess 
charges, that may have been stored earlier. Fig. (8.2.1) depicts this 
situation. 


We know that when the transistor is acting in the linear region, 
for a certain emitter current flowing, the charge stored in the base 
region Q,=I, T,, where T, is the base transit time and this charge 
is shown in Fig. (8.2.la) in the hatched region bounded by area 
AWO. If the transistor is saturated under this condition, which 
will be determined by the supply voltage, the load resistance and 
transistor g,, then the base current necessary is I,/(89+1)=TI,, will 
be called the just required drive, for saturation. If the base current 
is more than this required drive, we speak of hard drive or hard 
saturation, If there is more than enough drive, though the same 
collector current is flowing out through Rr, more base current is 
flowing than when there is just required base drive. The collector 
voltage has come down while base has been driven up thus the 
collector base diode also has got forward biased under this 
situation. That is, in this situation both the emitter base and the 
collector base diodes are forward biased. Both the diodes are 
pushing in minority carriers into the base medium while the old 
value of collector current (V,./Rt)=I, is flowing out through the load 
resistor and more base current is flowing out. Since this continues, 
some more amount of excess charge Q;,, indicated by the area 
enclosed by BCWA in Fig. (8.2.1a), gets stored in the base region, 
hence recombination also increases and a steady state is reached as 
shown in Figs. (8.2.1b) for base current increased from not enough 
for saturation at t= 0 and (8.2.1c) for collector current. When the 
off drive or else a drive not enough for saturation is applied, until 
all the excess charge Q,, has been expelled out, the transistor is 
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incapable of entering in the active linear region, where the current 
flowing is described by Q.=I. T,. The time that is needed to expel 
this excess charge, is the storage time, that we have referred to 
earlier in article (8.1). 


In the following we shall use the charge control parameter 
description and use some of them conveniently to find the switching 
times ; combined with little bits of equivalent circuit approach as 
may be convenient for a particular purpose. 


8.3 Charge control equations 


The starting point of the charge control ideas come from firstly 
the continuity equation 


Vnm- Volar td te (8:3.1) 


which may be integrated over the volume of the base and Gauss’s 
theorem used to give 


-Í ViJp dV= - $. Jy ds= Í l arg), dV (8,3,2) 
base base 

i i 22, Q ye 

ies -i= T (8.3.3) 


Equation (8.3.3) states that the hole current going out of the 
base surface plus the rate of hole charge loss due to recombination 
accounts for the total rate of minority charge loss from the base. 

Secondly, the time constant used in the continuity equation is 
the life time but it is not the base alone, the extrinsic parameters as 
well determine time constants which are also responsible for 
transistors complete performance in any mode. Over and above, the 
frequency performance ; hence the involved time constants are in 
general different when compared between the forward and the 
backward (emitter and collector interchanged) mode of its working. 

Thirdly that, whatever surfaces the charges cross within the bulk, 
there are three electrodes in terms of the currents of which, we need 
to formulate the charge flows. 

To resolve these we note that equation (8.3.3) is a linear 
equation and it would not be improper to speak of superposition of 


14 
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currents and so addition of recombination share of current terms due 
to different time constants that may be necessarily proposed to 
describe the complete performance of the transistor. Obviously, the 
question would arise how many such time constants would be 
necessary ? 


We have seen that a certain minority charge, introduced in base 
by emitter junction, calls for equal amount of majority carrier charge 
from base terminal and that the base and emitter currents are of 
different values. Hence for injection of the same magnitude of 
charge, base and emitter terminal descriptions need two different 
time constants in the forward mode of working of the transistor. 
Obviously, then if the transistor works in the reverse mcde, that is 
the emitter and collector interchanged, two more time constants are 
necessary for description of charges of this mode. Thus a minimum 
of four time constants should be enough to describe charge storage 
in all modes of the transistors working. 


From the above discussion it is clear that any terminal current 
can be written as the sum of currents due to rate of change of 
charges and the sum of currents due to recombination losses. With 
this in mind, we use here four time constants to write the terminal 
current equations of the transistor. For this we use here a P-N-P 


Fig. 8.3.1. Both junction forward biased transistor defining incremental charges 


transistor whose both junctions are forward biased as shown in 
Fig. (8.3.1). In this the currents are written in terms of hole charge 
(positive) in the base and the base side of the junctions. For the 
base current, therefore, which is due to electrons entering, implies 
holes leaving the base terminal, we can write 
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d 
Typ Tp, di Art 944 40,4 ave) “+ (8.3.4) 


where qz is the forward hole charge injected into the base by the 
emitter with a time constant T,, when an equal electron charge 
comes from the base terminal, T,, being the base time constant 
responsible for this injection by base terminal. Similarly, g, and Tyr 
refer to the forward biased collector base junction injected hole 
charge and base terminal time constant involved respectively. While 
(-dqy.) and (—dq,,) are the electron charges necessary to cover up 
immobile exposed donor charges of the transition region on the base 
side for change of forward bias voltages dV, and dV, of the emitter 
base and collector base diodes. 


Similarly, the other two equations may be written as 


js te ree Ed, be 
a iad vera ol ga 49 + ave) (8.3.5) 
w, Gr 4s a ae 
hept Tor Ty | de r+ goe) 3) 


assuming the forward bias diodes on either side are injecting qy and 
qr hole charges with respective emission time constants T, and T, 
respectively while injected hole charges (dqve) and (dqy,) are covering 
up bare acceptor charges on each emitter side. In writing equations 
(8.3.4) to (8.3.6) we need to remember that Kirchofi’s law is to be 
satisfied i.e., sum of all terms on the R.H.S. of the equations (8.3.4) 
to (8.3.6) must be zero and that in no way equation (8.3.4) should 
be changed since it is a statement of the operation of the base region. 
Additionally, because of similarity of the roles of both the emitters, 
the terms (+q,/T,,) should be put in equation (8.3,5) and (+ qr/Tor) 
should be put in (8.3.6). Lastly, we see that we need to put 
(-qz/T;) in (8.3.6) and (-q,/T,) in (8.3.5) since (8.3.4) cannot be 
changed in any way. 


Thus, we see that it has been possible to set up a set of general 
equations describing the terminal currents of a transistor in terms of 
charges and four time constants, which will embrace all working 
modes of the transistor. For different modes of operation the above 
set of equations may be written as : 
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For cut-off region : 
In this region both junctions are reverse biased hence putting 
qr=0 and q;=0 in (8.3.4) to (8.3.6) we have 
i d 
Ty = “dt (lve + ve) 
wd ie “= (8.3.7) 
ies d a Ave 
ORN AP 
For active region : 
In the ‘active region of operation of the transistor, the collector 
is reverse biased and the emitter is forward biased ; hence q,=0 put 
in equations (8.3.4) — (8.3.6) gives 


A d 
i= 7h ang aa 


i= T, “ia +55 (91+ ve) -= (8.3.8) 


í Hi qs 
i, T, pe dt (dve) 


For saturation region : 
In the saturation region both V,, and Y,, are nearly constant so 


qv. and qip also can be regarded to be constants ; when we have from 
(8.3.4) to (8.3.6) 


i= -Es ai d (ay+ 4) 


i= tat teed) 


Ty Tos (8.3.9) 


i= ia, voles +R 

An extensive analysis shows (ref. 1.3) that for the saturation 
mode there are two natural modes of transients that are excited by 
base drive of which one is much faster than the other while the 
faster one has smaller amplitude compared to the slower mode. 
Hence in the case of equations (8.3.9) we look for a simpler 
statement of equations utilising only one time constant obviously 
corresponding to the larger time constant one. This leads to the 


4 
; 
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simpler way of looking at the saturation mode in the working range 
of the transistor when the excess charge (q,,) is being expelled with a 
time constant T, and the equations describing this can be written as 


-i = (42) 48s 
ivs £) at 
where i 
Is= 4+ Gr -le Ty + (8.3.10) 
and 


Seay B 
ing =ly Gay 


Note that i,, is the excess part of the base current that is driving out 
the excess base charge q,, only, 


8.4 Measurement of the Switching parameters 


In this section we shall study a method for the determination of 
the time constants T; and T,, while the other two T, and Tp, can be 
found out by the same method with the roll of emitter and collector 
interchanged, Taking the active region equations, if we confine our 
attention only to the steady parts of the collector waveform, when 
the transistor is being driven as shown in Fig. (8.4.1) by a train of 
square wave pulses, then we can write 


LEWI ais 
in Ty, (8.4.1) 
im qu s+ (8.4.2) 


We assume that a measured steady, initial d.c. collector current Ic; 
is flowing through the transistor on which the driving base current 
change (A i,) has caused a change (A i,), then from equations (8.4.1) 
and (8.4.2) we can write 


-=Ad = Au Şi 
To; NE and T; Ai, (8.4.3) 
Resistance R, in parallel with R, is assumed large enough for 
their current shunting effect to be ignored. Pulse train derived 
from the same source ie. of same P.R.F. and pulse width and 
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occurring simultaneously but each of separately variable heights 
(V,, Va and V,) are applied to the three terminals as shown in 
Fig. (8.4.1). The resistance R at the base decides the steady state 


Fig. 8.4.1, Switching time measuring circuit 


collector current by the drive Vie Ais. The condenser gives an 


instantaneous charge input to the base medium of value CV,, this 
charge will instantaneously change the current in the transistor but 
whether this value will be maintained or not, would be decided by 
the Ai, step, determined by V,. If V, —produced Aj, is less than 
the instantaneous rise of current caused by Va then the collector 
voltage would change along a curve like A shown in the inset of 
Fig, (8.4.1). If, on the other hand, V, hence CY, is small enough, 
that the instantaneous collector current rise is lesser than the steady 
State Ai, change given by V, and R, then the collector voltage 
waveform will fall along a curve like B from a point like C towards 
the level D. Therefore, by adjusting V, or V, or both it is possible 
to have a square shape drop of collector voltage waveform as shown 
by curve D. 


From equations (8.4.3) 


Ai, T, 
Ai, 7 8! = T (8.4.4) 


The charge given by condenser C into the base of the transistor 
distributes itself as shown by 3 


(-CV2)= Agyt Agus + Adve + (8.4.5) 
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From (8.4.5) and (8.4.3) 


~~ Age _ —(Age)R_R-CY, Agy He 
Tos AL Vv, Vi Agit Agvet Adve G6) 
and Ty= = Ad CV, Agr Pee OL WA) 


Ai, ~ Aie (AGe+ Adee + Adve) 
From equation (8.4.6) we see, if we determine T,,, by (y-RC): then 
1 


the estimated T,, is more than its actual value. Hence in the 
experiment, our aim is now to make Agvs and Aq», equal to or as 
near to zero as possible. If we can do so, then T,, estimated by 


(V2-RC) would be the required Tpz. 
1 


After the adjustments of V, and V, has been made to achieve 
square top collector voltage waveform as mentioned above, the switch 
S is closed and the voltage V, can be adjusted'to push up the 
collector voltage such that V,» do not change ; this would ensure 
Aqvs=0. But this would need either a differential oscilloscope or 
an oscilloscope whose both input terminals are floating. If these are 
not available the oscilloscope can be connected between collector to 
ground and AV,, is made zero by adjusting V,. Since AVoe is of 
the order of a few milivolts, therefore, making AV,,=0 is enough of 
a good approximation of AV,,=0, provided prior to closing the 
switch S, AVe» was large compared to a few milivolts. With this 
adjustment of V,, therefore, we have achieved practically Agu, = 0. 


It should be noted priod to applying the pulses V,, Va or Vs we 
have measured I, Therefore, after adjustment of V, we. can 


estimate T,, by (5%), and T; from (8.4.7), with Ai, =(V,/R.) by 
1 


(cr, Ya) for each value of I,; selected. But since Agv:=0, the 


values of T,y or Ty thus obtained would be more than their actual 
values, But as more and more increased I,, values are selected for 
the same (Aji,), less and lesser are the AVe required, because of the 
near exponential nature of the input characteristic of the 
transistor, Hence choice of increased I,, values lead to lessening of 
the charge (Agus). So, if we plot Ty & Tsy estimated by 


CR, V CRY, me 
Ty= Vs 2 and Toy Vi (8.4.8) 
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for different initially measured Iss values, we get curves as shown in 
Fig. (8.4.2) which would asymptotically approach to their exact 
values for large I; Therefore, the experimental steps may be 
summarised as follows : 


CRY, 


aa Teel 
Fig, 8.4.2. Plotfof CRV./V,, CR.V.|V, and their ratio 8, 


(i) With V, and V, adjusted to zero and switch S open, adjust 
and measure I,,. Then (ii) adjust V, and V, to get Square type 
collector voltage of a few volts. (iii) close switch S and adjust V, to 
make V,,=0 seen on an oscilloscope connected between ground and 
collector, then (iv) measure the heights representing V,, V, and V, 
in the same scale of the oscilloscope since we are interested in their 
ratio, the absolute value of the voltages are not needed, (v) open 
switch S and adjust V,=V,=0, readjust I,; to a larger measured 
value and repeat steps (i) to (v). Lastly, plot I,, versus T; and I,, 
versus Ts; computed by equation (8.4.8) and determine the asymptotic 
values, 


8.5 Physical meanings of the time constants 


In order to get an insight into the physical origin of the time 
constants T; and T,,, we start with approximate active region 


equations obtained from (8.3.8) by ignoring (4 22e) in i, and 
d as 
(4 2) In ia. 
These two equations are 


LES d 
h=- sae (94+ Que) s+ (8.5.1) 
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in “+ (8.5.2) 


The approximations mentioned just now are not as drastic as may 
seem at first sight, 

Experimental results suggest that these assumptions are usable. 
Also, though the collector base capacitance changes widely during 
the transients, an average value of this parameter can be found out 
for typical junctions (cf. ref. 1). In our calculations we shall use 
this to be C, and regard it as a constant. 


With the above mentioned reservations we calculate 


Fe (a= 4 C, (Vee A (Va -iR1)= -CRo Sie (8.5.3) 
Equation (8.5.3) with (8.5.2) and (8.4.4) gives 
4 Yoo —CRt 4 qs Fe 
int eater (8.5.4) 
Substituting (8.5.4) in (8.5.1) gives for i, 
inn - fe ~(1 482 Re Ry) fu ves (8.5.5) 


Thus we have got an approximate relation, the base current has, to 
the base stored charge in the active region of working of the 
transistor. 

Let us now apply equation (8.5.5) to the output short circuit 
situation when the base current is of the form 

is= ibo exp (jwt) s+ (8.5.6) 
Since equation (8.5.6) is a linear differential equation, obviously qy 
will also be of the form 

q= Gyo CXP (jut) 
Substituting (8.5.6) and (8.5.7) in equation (8.5.5), we have for 
Rr=0 


(8.5.7) 


iro Toy ANES BY 
to 1+jo Try 


hence using equation (8.5.2) with equation (8.5.8,) we have 


By ino CXP (jot) „Byin vs (8.5.9) 
l= Teja Tey Peso Tos 
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Equation (8.5.9) shows that T,, corresponds to (1/w,s) of small signal 
theory of transistor but applicable to large signals. Since Toy =b; Ty 
hence T; correspondingly is the large signal counterpart of (1/wr) 
and so fy is the large signal forward beta of the transistor. 


8.6 Turn on delay 


For the calculation of this delay time, we shall here study the 
equivalent circuit method. In this phase the transistor is being 
turned on from the cut-off state and for simplicity we assume the 
junction voltage in the cut-off state was Ya, volts. On application 
of a step voltage (—V,) at the input of the base terminal through 
a suitably large resistance, the base emitter junction voltage is being 
established to the cut-in value. Below this voltage the junction is 
not sufficiently biased to be counted in practice as conducting, (We 
shall take this as the just ON voltage of the junction.) During this 
delay period the current is not flowing since the junction voltage has 
not reached the value necessary for current flow ; so, during this 


fig. 8.6.1. (a) Shows the passive input circuit responsible for turn on delay, 
(b) is simpler version of (a) 


time the transistor is passive. Hence we draw in Fig. (8.6.1a) the 
passive circuit part of Fig. (8.1.1a) to state the equivalent circuit 
applicable during this delay period. In this case, with change of 
junction voltages the capacitances also change ; but we assume here 
that they are constants and having suitably selected mean values 
(cf. ref. 1). C, refers to the Passive capacitance at the emitter base 


junction ; similarly, C, refers to the capacitance for the collector 
base junction. 


(C, Rr) time constant in practice being very small in high speed 
transistor application, the equivalent circuit can be reduced to as 
shown in Fig. (8.6.1b) by ignoring Rp. The charging of the emitter 
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base voltage from a reverse bias to the cut-in voltage V, occurs with 
a time constant T;=R(C,+C,). Hence the charging equation may be 
written as 

v(t)=V_—(Vo+ Vi)(1 -exp ~ 1/Ts) -= (8.6.1) 
No transistor current flows as long as |v(t)| < - V», assuming that 
the time needed is T, from (8.6.1) we have 


-Vy=Va- (Va + V) (1-exp-Ta/Ts) E CA 
From (8.6.2) we have the turn on delay given by 
V,+V. 
=T;1 ane = (8.6.3 
Ta= Ts log. (y y} (8-6.3) 


Since Vy is small hence we see, Ta decreases with increase of V, 
magnitude. 


8.7 Transistor Rise Time 

Case—I: Just required drive. 

Firstly, we shall discuss the rise time of the transistor when 
the drive is just sufficient to saturate the transistor at the end of the 
transient period. For this purpose, we start from equation (8.5.5) 
which can be re-written as 


-i Teo 9 4d ys a 
ie pee tt ai (8.7.1) 
where Tpr=T,7+ By Ce Ru <- (8.7.2) 


It would be recognised that the second term in equation (8.7.2) arises 
from Miller effect of collector base capacitance. 


Say, we have applied a step voltage (—V,) to put a step current drive 
of value Ipo = ( a) at the base of the transistor, which is just 


sufficient to saturate the transistor. Then solving eqn. (8.7.1) for 
step base current, we have by using Laplace transform method with 
boundary condition t= to- ; g;=0, 


w (= Geen (8.7.3) 


From which we have 
q (t)= -lso Tos (1- exp- t/Tsr) s+ (8.7.4) 
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Hence from (8.7.4) and (8.5.2) 
is = Ibo By (1 -exp -t/Tnr) oes (8.7.5) 


The collector current needs, for its excursion from 10% to 90% of 
full value (I, £), a time 


T,= 2.3 Tgp—0.1 Tyn= 2.2 (Toy + 8; C, Rr) sss (8.7.6) 
for the just required drive case. 
Case—II : Over driven-transistor rise time 


If Iy is the step drive current where uel >lIbo] then from 
equation (8.7.1) with q,=0 at t=0-, we can again find the stored 


charge variation as 
q (t)= -Isı Tyr (1-exp-t/Ter) «= (8.7.7) 
and the collector current variation as 


k= E-ha By (L-exp-t,/T on) “+ (8.78) 


(From (8.7.7) and (8.7.8) we conclude that when the stored charge in 
the base would be Ipo T,,,, the collector current will be (Ibo £7) ; the 
collector current for just saturation would occur and the rise would 
be completed, hence equate 


Tho By Toa By (1 - exp a) + (8.7.9) 

_ to obtain for the rise time 
es bı s.. (8.7.10 
tr=Tgp loge l Ae i) ( = ) 


From (8.7.9), one can also find 10% to 90% of (lho By) excursion time. 
Remember once again that Tsr= (Tss +8; C, Rr). Equation (8.7.10) 
shows larger Ip, is; lesser is the turn on time i.e., harder drive 
brings the transistor faster to saturation, As a matter of fact, if 
ee << 1, then (8.7.10) gives, expanding the logarithmic term and 
bi 

keeping only one term, 


t= (i) 


TRANSIENT RESPONSE OF BIPOLAR TRANSISTOR 221 
8.8 Saturation delay 


When the transistor has been driven to hard saturation by current 
I,1, the excess charge gps, stored in the base, is ({I,:|— Iso!) Ts. 
Now saturation delay is the time taken to extract this excess 
stored charge. For the removal of this stored charge, we use equation 
(8.3.10) repeated here as 


-in-i ri ++ (8.8.1) 


If the base drive voltage V, is applied such thata back bias for the 
emitter base junction is aimed at, then the drive current is 
Isa =V,/R, and the actual step input to the base for excess stored 
charge removal is (|I,.|+|I,.|) while the excess stored charge is 
(CIs: -Ibo|) Ts. Note that in a p-n-p transistor, the base current is 
flowing out of base terminal so I, is negative. If this was borne in 
mind, the magnitude signs could be discarded with. But the 
magnitude sign has been used to avoid confusion. Hence in equation 
(8.8.1) using (|I,.| + |I,,|) as the step input current and sloving for 
q, (t) with the boundary condition that at t=0-, the stored charge 
was (iI,,—I551) Ts, we have, 


s(t) =(\Io. 1 — Ino!) Ts exp —t/T; 

—(Thal + [Iba |) Ts(1 -exp - t/T.) 

= —(T,el + To.) Ts+(2 os! + Hoel — To!) exp (- ¢/Ts) 
(8.8.2) 
Note that at the base terminal a voltage V, has been applied with 
respect to ground to turn the transistor off ; while equation (8.8.2) 
shows the total current change the transistor has been forced to aim 
at, is the sum (|I,.|+|I,,|) which it should for applied back drive. 
The excess charge would be zero in the transistor after a time f, of 

the application of drive voltage V, and is given from eqn. (8.8.2) as 

t<T.1 Wool +215- liso] 

:=T, log, ( VES ee e (8.8.3) 
Thus if saturation time constant T, is known, then saturation delay 


may be calculated by equation (8.8.3). Note that greater I,,. is, lesser 
is fs, the storage time. 
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8.9 Fall time with over-drive 


By over-drive we mean that at the base terminal a voltage V, 
has been applied due to which the excess base charge has gone out ; 
thereafter the drive is trying to back bias the emitter base junction. 
Hence, again we can solve equation (8.5.5) or (8.7.1) with equation 
(8.5.2) for i, (t) with the boundary values at the end of saturation 
delay t=t,, (after the base turn-off drive was applied), Att=t,, the 
collector current was —g;1,, while at t+, i, —>+ $y Ips. In this 
we need to remember that active region base currents are negative. 
Since we know that the time constant involved is Tpr, given by 
equation (8.7,2) in this decay process, without solving the equation 
(8.7.1), we can write the collector current as 


Po g: 
is (= -br Toa (1-exp-(F-")) Brio erp- CZE - (8.941) 


Hence the time passed in reduction of i, to zero value since f,, is 
from equation (8.9.1) 


Ioel + loo! 
\Too! 
which is approximately the required fall time of article (8.1). 


ty (8.9.2) 


On the other hand, if the transistor was not earlier over-driven 
to saturation, rather was in just saturation with collector current 
By Ivo flowing and the base drive have been reduced to zero, then we 
need to take a stored charge in the transistor at r=0- as (— Tso Toy) 
(cf: equation 8.7.4) and the forcing i,=0 to solve equation (8.7.1) 
and using equation (8.5.2) for i, (t) we have 


i, (t)= + by Ivo exp (- t/Tar) s+ (8.9.3) 
from which 10% to 90% fall time can be found as before as 2.2 Tar. 
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Problems 


8.1. 


8.2. 


8.3. 


8.4. 


8.5. 


8.6. 


8.7. 


Explain clearly the origin and meaning of the terms, (a) Turn 
on delay, (b) Rise time, (c) Saturation delay and (d) Fall time 
in a switching transistor in C.E. mode. 


An n-p-n silicon transistor switch working from 9V supply has 
a large signal forward hry of 20. It is driven by voltage pulses 
of + 5V through a 10 K. ohm resistor. Assuming average 
values of the base emitter capacitance as 3 Pf, collector base 
capacitance as 0.2 Pf,a load resistance of 1 K. ohm, and a 
forward large signal injection time constant as 2 7 sec., find the 
total turn on time. 


An n-p-n transistor, just at cut-off with base to emitter voltage 
nearly zero, operates with V,,=12V and Rr=1 K. ohm. A 
positive step input voltage is applied through a 10 K. ohms 
resistance to the base. The upper level of the input signal is 
10V. Itis found that the transistor reaches saturation in 0.3 
micro secs. The transistor large signal hyy=30 and the 
average collector transition region capacitance is 0.3 Pf. Find 
the large signal fp of the transistor. 


A transistor base is switched from +2 volts to —2 volts and 
back. Calculate the turn on delay, turn on time and the 
saturation delay if the resistance in the base to driver is 
10 K. ohms, the collector load is 2 K. ohms, C,= 1.5 Pf and 
C,=0.5 Pf, Tsr=5 x 107° secs., Arg =50 and V,,=10 volts and 
T,=10-° secs. 


Calculate the capacitance needed to be put across the driver 
resistance 10 K. ohms to make the’rise time in problem (8.4) 
above, -zero. Draw the collector voltage waveform and 
estimate the highest gating rate possible in this case. How can 
this rate be improved ? 


Which of the following transistors having identical lifetime and 
resistivities of n- and p-regions has the highest speed of response 
(1) n-p-n, (ii) p-n-p of Ge, of Si or of GaAs? And Why ? 


What differences are there between a high frequency transistor 
and a high speed transistor ? 


8.11. 
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A transistor in deep saturation in CE mode giving the same 
output voltage as at the base. Explain why ? 


A transistor switch has a capacitive load. Draw the load line 
expected on the output characteristics if the base is driven 
with steep edge voltages +2 volts through a 10K. ohm 
resistance and the transistor gp=50. 


If in problem (8.9) above the load is inductive having a time 
constant lower than Ty, find the load line expected if the 
resistance of the inductance in parallel to the output conduc- 
tance is sufficient to cause (i) saturation, (ii) non-saturation, for 
the drive current used. 


Assuming that the collector base junction of an n-p-n transistor 
is a step junction and that the collector base junction voltage 
changes, in the inverter from a voltage V+ V, to 0.5 V,. Find 
the average collector base capacitance. Hence for V,=0.5 
volts, V=20 V,, &=12, A=400 Sq. microns and a doping 
level of 10** for the base region and 10'* for the collector 
epitaxial layer, find the average collector junction capacitance 
to be used, 


Chapter 9 
JUNCTION FIFLD EFFECT TRANSISTOR 


In this Chapter we shall study a device that is known as „the 
Junction Field Effect Transistor abbreviated as JFET. For an 
understanding of the effect of field in semiconductor, we recall that 
the velocity field characteristics of semiconductors like Ge and Si 
are as given in fig. (2.11.4). It isto be noted from this figure that, 
for example, in n-type Si the velocity is proportional to the electric 
field till about 2 kv/cm while the velocity nearly saturates at about 
a field of E,=20 kv/cm. So, if we have an n-type semiconductor 
with two ohmic contacts as source S and drain D, on two n* doped 
regions on it and a voltage Vz is applied between them, then the 
current voltage characteristic is expected to be as shown in Fig. 9b 
diode (1). This is because the current is given by Ia = Ag n varitt. 
At low voltages that is at low fields the drift velocity is proportional 
to the field E which again is proportional to Va; hence Ohm’s law 
holds, At fields higher than 2 ky/cm in Si the constancy of 
mobility ceases and the current voltage characteristic does not 
follow Ohm’s law. When the field has reached about 20 kv/cm, the 
drift velocity saturates so does the current at point P in curve marked 
diode 1. 


If we have a p-doped region (gate G) in between the n*-regions 
as shown in Fig, (9a), the saturation current will be reached a little 
earlier in voltage scale and that this current will be a little lower 
since the n-region (channel) thickness decreases by the p-region thick- 
ness and the accompanying depletion width of the p-n junction. 
This saturation point is shown by point Q in curve diode 2 in 
Fig. (9b), 

If the ohmic contact to the p-region is connected to the source 
contact S.and the voltage between S and D is increased from zero 
the current will follow Ohm’s law at. the low voltages and will again 


15 


226 SEMICONDUCTOR DEVICES 


saturate corresponding to point R in Fig, (9b), but at a still lower 
voltage and lower current since the p-n junction is reverse biased and 


(c) 


{ CORRESPONDS TO 
FIELD POINTS 


5) 


SPACE CHARGE 


A 


HG) 


Fig. 9. Shows the depletion region field and space charge corrsponding to 
different points on the characteristics [ Charles. A. Liechti 
Copyright © July 1976 IEEE ] 


this bias voltage increases from the source to the drain end of the 
Junction. This causes the p-n junction depletion region width to 
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increase leading to a decrease of channel thickness. Curreat 
saturation occurs when the field at the constricted point of the 
channel has reached the critical field E, ( ~ 20kv/cm in Si) as 
shown in Figs. (9c and 9d). When a negative bias voltage V,, is 
applied, the p-n junction depletion region width still further increases 
as shown in Fig, (9e dotted line) and hence the current saturation 
occurs ata still lower Vg and a lower current and this saturation 
corresponds to point S in Fig. (9b). Increased width of the cons- 
tricted region implies E, is obtained in a wider region than at 
situation corresponding to R hence on either side of this region the 
field must be lesser, that accounts for a less current at S of Fig. (9b). 


If the voltage Va increases further than that corresponding to 
point S the field at the constricted part of the channel increases 
above E, giving a wider high field region in the channel as p to g in 
Fig. (9e). This causes more voltage drop in this high field region 
leaving less voltage across the junction at any point between source 
end to point p (cf. Fig. 9d and 9e). This, in turn, widens the channel 
thickness on the left of p that accounts for slow increase of current 
with voltage after saturation at point S (cf. fig. 9b). The increased 
higher field region pq in the channel implies that the velocity is 
higher than outside this region. Hence positive space charge on the 
right and negative space charge on the left of the peak field point is 
expected in this region, as shown in Fig, (9f). This is because at the 
peak field point the velocity is highest, on the left lower; hence at 
the peak field point electron carriers are removed faster than they 
arrive from the left. The field due to this space charge accounts for 
the drop of increased applied voltage in this region. Thus after 
saturation the current slowly increases with further increase of Va 
and this space charge region accounts for the finite slope of the 
output characteristics after saturation. Note that the depletion 
increases in extension more than the right-hand edge of the gate. 

Thus we see that the JFET consists of a semiconducting channe} 
whose thickness can be yaried by widening the depletion region of 
the p-n junction and the depletion region widening is the effect of 
the applied field through the applied voltage. 

In the following article, we shall simplify the picture presented 
above such that analytical current voltage expressions can be found 
out easily. 
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9.1. Junction FET d.c. characteristics 


In the junction field effect transistor (JFET) majority carriers 
flow through the bulk semicouductor which have built in p-n junction 
or junctions. These p-n junctions are used to control the resistance 
of the path of majority carriers by backward biasing as shown in 
Fig. (9.1.1). Fig. (9.1.la) shows a double gate and (9.1.1b) shows a 
signal gate Junction FET. The majority carriers find a narrowed 
down cannel to flow through. The p-n junctions are assumed to be 
abrupt junctions—the p-regions are heavily doped so that the 
depletion regions mostly extend into the n-regions. The majority 
carriers are injected by the ohmic source contact S and drained out 
by the ohmic drain contact D. The gate electrode G makes ohmic 
contact to the p-type doping. The cross section of the channel is 
controlled by varying the source to gate voltage V, or the source 
to drain voltage V4 or jointly by both. Note that when both V, and 
Va are applied maximum reverse bias of p-n junctions occur at the 
drain ends at x=L and this reverse bias is (V, + Va) while the deple- 
tion region voltage is (V, + Va+V,) where V, is the built in voltage 
of the junctions. On the other hand, at x=0 the voltage across the 
depletion region is (V,+V,). The junction voltage at any point x is 
(Vo +Vo+ V) where V is the magnitude of the voltage on the channel 
side of the depletion region boundary measured with respect to the 
source, where x=0 and V=0. Referring to Fig. (9.1.1a) the channel 
thickness y at x can be written, assuming symmetrical doping, as 


2y=2a(1- +) ves 011) 


where ¢ is the depletion region width and 2a is the width of the 
n-region, With increased applied voltages the depletion regions 
extend to have no channel. This occurs at the drain end first. The 
voltage across the depletion region at this situation is a particular 
device constant and is called the pinch-off voltage. If source drain 
voltage Va is not applied, then a greater gate voltage would be needed 
to pinch off the channel and this would occur throughout from x=0 


tox=L. If this junction voltage is Vp then vont. a? ; hence 
o 


‘tea. Yer Ver¥ vs (01.2) 
? 
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Since the drain current flows in an wedge-shaped region, therefore 
in addition to field opposite to the x direction, there will also have 


=L 
Ep: Layer High & 


Fig. 9.1.16. Single gate connected source 


field in the y direction trying to push the carriers towards the axis. 
That is the equipotential lines will not pe plane parallel but to some 


extent curved parallel, Hence 2EY” is not zero in the channel 


ie. there would be space charges in the channel which is in 
contradiction to the abrupt junction assumption. If, of course, the 
space charge indicated by 8, is very much less than (gN) the 


mobile charge density, then the y directional field would be small 
compared to the x directional field. In that case, the junction 
boundary slope would be small, that is, the channel width varies 
slowly and- we speak of gradual channel approximation. 

To find the current as a function of the applied voltages, we 
can write for the current that flows through the channel 


ie -{", J, Wdy fe (31.3) 


where W is the channel width perpendicular to the x and y directions 
(c.f. Fig. 9.1.1), Equation (9.1.3) can be written as 


la= gW a jis un N(y) dy ++ (0.1.4) 
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Assuming constant and symmetrical n-region doping and constant 
mobility, we can write equation (9.1.4) as 


Ta= QW jin N. 2a (i-£ A <- (9.1.5) 
-gii (l-42 vs (941.6) 


where g= [ 2a We aN] is the open channel conductance. 
From equation (9,1.2) and (9.1.6) 
t t\d |t 
Ia=2 gL Vp glt- Z)4 (4) v9.1.7) 


Integrating equation (9.1.7) from x=0 to x=L where the values of t 
are given by 


= V+ V, is Va +Vo +V t 
tzan Yt and t= ae wtp (9.1.8) 
We have with Tọ =£0Ve ve (9.1.9) 


ae ea = eno 


Equation (9.1.10) applies'so long there isa channel. In Fig. (9.1.2) 
the characteristics predicted by equation (9.1.10) are plotted. In 
this Figure the dotted line indicates the range of validity of equation 
(9.1.10) where channel pinch-off occurs due to the joint action of 
V, and Va. Therefore, on this dotted curve (Vo + Vp + Va)= Vo. 
Hence for the case of V, + V, =0, equation (9.1.10) gives 


Ta i Va S Va 3/2 
iby 2] NA 
showing that at the pinch-off point I, =I, =2oNp. Also note, at the 


pinch-off points Yo-Yo — (1 — Va) on each of the characteristics. 


Increased gate voltage, therefore, causes the pinch-off to occur at 
lesser source drain voltage. The characteristic Vo + Vo= Vo» 


therefore, coincides with the yi =0 line. Equation (9.1.11) indicates 
2 
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that the current is obtained as the difference between an ohms law 
and a $-power law. 


04 


01 


0.2 0.4 0.6 08 1.0 
Vy | Vo 


Fig. 9.1.2. Characteristics for a junction-gate field-effect transistor 


The transconductance an He ie eas is obtained from equa- 


tion (9.1.10) as 
Vot Vot Va /VorVi ae 
Emm ~ Bo (af eye vl i) (9.1.12) 
at pinch-off 
&n= ~ 801 = / 5) ves (9.1.13) 


Note that the transconductance Zm is maximum and is equal to open 
channel conductance for (Vo + Vz) hence Vo =0 since forward bias is 
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not recommended, while it decreases with increase of the value 
of V,. 

As for the slope of the characteristics from equation (9.1.10), 
we have 


= dla =g, (1-,/VorVo+Va Ss 
ares E AS (1 VA Vp ) Cle 


which shows, near V,=0, output conductance increases with decrease 
of gate voltage. Also note that for all gate voltages at the saturation 
(pinch-off) points the output conductance is zero. That is, the 
output characteristics become parallel to the voltage axis when the 
device reaches pinch-off. This implies infinite output resistance. 
After pinch-off, therefore, with increased Va the physical length over 
which pinch-off depletion occurs gradually increases and most of the 
applied V} drops across this Tegion. Hence the field in this region 
increases. In this limit of no channel, the channel thickness 
2y = 2(a-t) will be zero ; therefore, for the current to flow the field 
has to be infinite. So, the constant mobility can no more be 
assumed, not only this, there can be velocity saturation as well in 
the pinch-off region. When the channel is nearly pinched off and 
the channel width has reached the dimensions comparable to Debye 


length Lz = Soh, diffusion of carriers from the channel to the 


neighbouring depletion region will cause the channel to be left open 
even if V4 increases. These effects jointly provide a finite output 
conductance in the saturation region, For a detailed calculation the 
Student is referred to ref, (1). Trofimenkoff used an empirical 
equation for mobility and found a good fit to experimental 
characteristics, A similar equation may be written as 


= Ho _ ses (9.1.15) 
S 14 2o Es : 
ER 

where v, is the saturation velocity of the carriers, 

Substituting this in equation (9.1.5) and writing in the form of 
equation (9.1.6) 
t\ dv 
ti-a) g 
1 +— #0 lEz] 


Ve 


la (9.1.16) 


aN 


Í 
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which can be written as 


T 


and integrated from x=0 to x=L as before gives 


E n UA le i ae 


(9.1.17) 
144074 
VL 
Equation (9.1.17) can be expressed in terms of the current of equation 
(9.1.10) as 
Ta = 2p) -= (9.1.18) 


E NE 
1+ PL 


Vp 


eN] 


Fig. 9.1.3. Saturation region transfer characteristics JFET 


In this case the drain current reaches its saturation value before 
pinch-off. Near pinch-off the field at the drain end becomes large ; 
under this condition equation (9.1.16) gives 


L(y t i 
a Eo A i) Vs (9.1.19) 


which shows that the channel thickness at the drain is proportional 
to the current. The slope of the output characteristics due to pinch- 
off, therefore, can be ascribed to the variation of drift velocity in the 
saturation region and on the value of the resistance of the space- 
charge region. The resistance of the space charge region L, can be 
computed from voltage drop in the space-charge region V= 
(aN L,*)/286, and the current I=qN v, A as R= (L,?/2A£8 Y4). 
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Detailed theoretical considerations and experiments indicate (1) 
an expression for current in the saturation region 


2 
Ta=Tao(1 sa) ves (9.1.20) 


to hold where Tao, the current at (V+ Ve)=0 and Vp the pinch-off 
voltage, should be experimentally determined. That is, the transfer 
characteristic in the saturation region follows a square law as shown 
in Fig. (9.1.3). 

Breakdown of the gate to channel diode occurs due to the 
joint action of V, and Va, because the reverse biased junction break. 
down is determined by the voltage (V, + Va + Vz). So, if V, is small, 
breakdown occurs at a larger value of Vg. Since the electric field 
increases from source to drain and breakdown occurs at the drain 
end because at this end breakdown field is attained, a rough estimate 
of the breakdown voltage would be Vyp= (Esr. L/2). 

The input resistance of the diode is determined by the reverse 
biased p-n junction, where the gate current can be written as 


T,=1, (exp (4Vo/nkT)- 1) e+ (9.1.21) 
Considering a leakage current of 0.1 micro amp at 5 volt bias, the 


input resistances of the order ofa few tens of Megaohm is easily 
obtainable, 


The major causes for temperature variation of the JFET 
parameter are 
(i) The variation of mobility with temperature; 
(ii) Variation of built in potential (V,) of p-n junction ; 
(iii) Variation of gate leakage current. 
The result being that the drain current decreases with temperature 
as T? which in the usable temperature range amounts to nearly 
linear variation over by about 0.38% per degree celsius while the 
output resistance (ras) increases with rise of temperature by 0.35% per 
degree celsius more linearly than Iz. The result being that the 
amplification factor increases by about 11% for 100° celsius change for 
silicon material. 
A figure of merit for the device can be estimated by g,, divided 


by the gate capacitance at pinch-off, This comes to ee (£ ) hence 
o 


te 
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high mobility doping product with short channel length and T ratio 


improvement is necessary for improved frequency performance. 


9.2 Field effect diode 

If the gate of a JFET is shorted to the source then it can be 
used asacurrent limiter diode. The characteristic of the diode is 
the same as the JFET output characteristic with V,=0 and is as 
shown in Fig. (9.2.1). The important parameters of the diode are 
shown in this figure and these are : 


Nei tem N. Vbr 


Fig. 9.2.1, Shorted source gate JFET characteristics 


The limiting current Ir is the saturation current obtained due to 
high electric field velocity saturation. For this Ge material is more 
suitable than silicon since in germanium velocity saturates around 
4 kv/cm where as in silicon at around 30 kv/cm. The limiting current 
In=AqNv,+I1, where I, is the diode reverse saturation current 
which increases with rise of temperature while v, the saturation 
velocity decreases with rise of temperature, To decrease I, the area 
A, doping level N or open channel width a can be decreased or L 
can be increased. The slope g, of the limiting characteristic is 
determined by the variation of drift velocity in saturation region and 
the space-charge resistance of the pinched-off region. To decrease 
this slope L should be increased since Ia varies inversely as L. 

The saturation voltage V, is V,=E,L+In. Rs, where Rs, is 
the total series resistance due to the remaining bulk plus that due to 
any in the contacts while E, is the field at the start of the saturation. 
To reduce the saturation voltage the channel thickness a and the 
doping density N should be reduced. 
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Lastly, the breakdown voltage Vor depends on the breakdown 
field which increases with the band gap of the semiconductor material 
used (cf. equation 4.17.5). 


These diodes are available in two forms known as limiting 
velocity diode and FED. The saturation region width of the former 
ds larger which causes their having less capacitance higher speed than 


the FED. 
9.3 Small signal equivalent circuit 


In this section we intend to find out the small signal equivalent 
circuit of the JFET. The channel region of the JFET can be 
regarded asa variable conductance transmission line, an elemental 


T+dI 


- Vit dVt 
a) c (Vv, ) dx 
Mt Or (ve) N +v 
GATE 
Fig. 9.3.1. A lumped element model representing 
a 8x length of the JFET channel 


section of which, is shown in Fig. (9.3.1). For the channel region we 
can write for the series voltage drop 


Ix 
Va OA . (9.3.1 
ôV; 2V) ( ) 
which can be written as 
23 ôV: < (9.3.2 
T= -g (V) $ (9.3.2) 
For an increment of current ¿I= i from (9.3.2) we can write 
I+i= ~ (8+ 68) (Vi +9) s+ (9.3.3) 
With equation (9.3.2) this gives 
t= — (ag. iV 
a va 2 oe) 
i= — (28. oy 
ot ‘ E Wie. d 


i ô aes aí 
That is i= -Š (gv) (9.3.4) 
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On the other hand from fig. (9.3.1) 
=~ on joe (Viv s+ (9.3.5) 


From equation (9.1.6) and (9.1.1) with z=(y/a) 
g=8oLz --- (9.3.6) 
With equation (9.3.4) 


i=-g L fo (zv) (9.3.7) 

P òi (ôi | 62 
Since z-(ž /2) “+ (9.3.8) 
and 2=7 =(1- JVV) ie. Vi = Vp (1-2)? ++ (9.3.9) 
gives oN -2V, (1-2) “+ (9.3.10) 


which with equation (9.3.2) gives 
6z I 


ôx 2g V, (1-2) aes (9.3.11) 
While per unit length depletion region charge is Q= 2WiNq 
ivi -9Q_ WNaa oq 
giving C(V;) avi Vs (1-2) í (9.3.12) 


since from equation (9.1.2) we have t=a N Ýt Vp 
Hence we have equation (9.3.8) with (9.3.5), (9.3.11) and (9.3.12) 


B- 2jq WN 98g, s+ (9.3.13) 


which with equation (9.3.6) and using Iy=4WN qu Vp with the 
expression for V, gives 


di , €&Wlyzv 
T7 PA ++ (9.3.14) 
fae 
Hence fa = -2jo 220 WI s om 


which with equations (9.3.7) and (9.3.11) gives 


di $ 
¢ * 42K *z (l-z) i=0 s+ (9.3.15) 
dz 
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he Alias wEEo T jai 
where Kt- -j “el ak (9.3.16) 
with Iu=4 Ngu WV» a (9.3.17) 


and for I we have Ig of equation (9.1.11) to give (I„/I) a non-dimen- 
sional quantity depending on externa] bias and pinch-off voltage. 

Equations (9.3.14) and (9.3.15) describe the a.c. performance of 
the JFET under small signal operation. Equation (9.3.15) is a linear 
differential equation of second order. Hence the solution can be 
written as (cf. ref. 1) 


i(K, 2)=A, P(K, 2)+Ag QK, 2) ve (9.3.18) 
where P(K, 2)=1-*, 2 ee ee (9.3.19) 
and QK, aaz E EZAK KE pan oe (9.3.20) 


By differentiating equation (9.3.18) and using (9.3.14) we have 


ve ae [ja PK, 2+4; QK, 2)| wo (9.3.21) 


Using equation (9.3.18) and circuit conventions of current, we can 
write for the terminal currents with appropriate subscript for 
boundary conditions, with z and currents at source and drain ends as, 


i,= —A, P(K, z,)—Ag Q(K, 2.)= - A Ps- A3Qs =e (9.3.22) 
ia= -A, P(K, za)+ As Q(K, 2a)=ArPat+AaQa = (9.3.22a) 
hence ig=A_(Ps-Pa)+ Aa(Qs- Qa) . (9.3.23) 
where P,=P(K, z,) and Q,=Q(K, 2.) and so on, 
Again from equation (9.3.21) and fig. (9.3.1) 


v= apo (A, P,’ + AQ’) vs (9.3.24) 


Vau= = vga = -e (A, Pa + AaQa') s+ (9.3.25) 


where dash refers to differentiation of the series prior to putting 
boundary values. 


While Bi + Vsa + Vag = 0 hence, 
Asp Aap dtr r-a Qa’) = (00.3.20) 


-yyl (= 
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To find the intrinsic parameters for common source equivalent 
circuit, one then evaluates the constants corresponding to the 
appropriate boundary conditions, For example, for y,1¢ and yous 
we know 


a 9 20d yam (FF) 0g 7 0320 


Hence equating (9.3.26) to zero one finds the relationship between 
A, and A, which, on using with equations (9.3.23), (9.3.24) and 
(9.3.22), one obtains, from equation (9.3.27) 


= 2JabEoWIu [e —Pa)(Qa’Zs — Qs'Za)+ (Qs - Qa)(Ps'Za — Pa'z] 
I P,’'Qa’-Q,'Pa’ 
ss (9.3.28) 


a I, [pz -Qs'Za) + (Ps'Za — Pa'z)Qe) (9.3.29) 


Vari 


and Jans P/Q =Q Pa’ 


Similar approach can be used to find yı si and You 


After finding the intrinsic y parameters of the black box if one 
aims at finding an equivalent circuit of the form, as shown in 
fig. (9.3.2), then the open circuit and short circuit admittances can 


be equated and manipulated to give 


Ya -Yis 

Vot=Voat Vis ve (9.3.30) 
Vmi=Vari- Vis 
Vue=Varit Vis 


Fig. 9.3.2. Intrinsic -model equivalent circuit of JFET. 


Using equations (9.3.30) with the values of intrinsic admittances 
found by equations (9.3.28), (9.3.29) and the like, retaining terms 
upto w? after a lengthy piece of algebra, one obtains an equivalent 
circuit of the form as shown in fig. (9.3.3) for the intrinsic transistor ; 
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where, assuming the output conductance as zero in the saturation 
region, the values of the parameters are as given by Cobbold,‘?) 


Fig. 9.3.3. Intrinsic equivalent circuit of JFET 


Enla) =Z NEEN + jo To) 


T, - 488oL* (1=5/ 425+ 5/142,°) 
° 15ca* z1 -2/3 mou 2 


Cp Wesel (I~ 2/2) 


UN si. $00.381) 
Coae=0 
Fasi = œ 
Rai = œ 
bs 
1 (i -3 at -57") 


with -( ~,_/VorVo 

Z,=(1 V V; 
whereas since channel is not non-existent in the saturation region, 
therefore, rasi, Rya; have finite values. 


It is instructive at this point to consult fig. (9.3.4) to visualise 


the origin of the components of fig. (9.3.3) as also of the extrinsic 
elements, 


: The interelectrode capacitances should be taken into considera- 
tion, over and above the inclusion of the extrinsic elements shown 
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in fig. (9.3.4) ; an important one of which is the effect of Re, is to 
modify the intrinsic g, to [Zm/(1+ 8m Rs)]. For frequencies above 
200 MHz the lead inductances should be also taken into account. 


cae Ne 


oe ei a RY 


N W EST 
=e YYZ. 


Fig. 9.3.4. Shows the origin of the components of fig. 9.3.3. 


It would be seen from equation (9.3.31) that the intrinsic 
transistor Zm cut-off radian frequency (1/T,) is proportional to 
{a*/L*). That is to improve the frequency performance (a/L) has to 
be large, i.e., short channel length with increased pinch-off voltage 
since V»=(gN a*/2é€,). While to improve low frequency value of 
Em» W(a/L) and o can be increased but increase of o would 
increase Vp, improve the input time constant and would improve low 
frequency g,, though increase of W does not affect the input time 
constant. Considering all these one looks for high mobility material 
allowing to use a lower doping thus preserving low Vp. But unless 
one goes to have channel lengths less then microns the performance of 
JFETs cannot be substantially improved. With silicon typical values, 
for medium and high frequency transistors with channel lengths 
down to one micron including the extrinsic parameters are as : 


Sm in Cysin Ry, in rg,ohms Roa ohms fr GHz Cy on 


m-mho pf ohms bf 
2 10 50 80K 40 0.2 0.5 
5 3 20 50K 6 ERN 


To improve the frequency performance therefore, submicron 
range channel lengths has to be used with materials like GaAs which 
have higher mobility. 


16 
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Problems : 


1. Calculate the pinch-off voltage of a JFET having N-doping of 
10*°/cc and open channel width 5 microns for silicon material. 

2. Calculate the g,, of a JFET having a gate voltage of 2 volts, built 
in voltage 0°5 volts and a pinch-off voltage of 5 volts, assume 
open channel conductance 2 mA/volts, 

3. Find the output conductance of the JFET of Problem No. 2 
above for an applied gate voltage 2 volts and drain source voltage 
of 1 volt. 


Chapter 10 
SEMICONDUCTOR TECHNOLOGY 


In this chapter we get a cursory glance of the semiconductor 
technological methods and process steps for fabrication of devices 
that will be useful for the understanding of the devices. The basic 
technological methods that are useful for fabrication of semi- 
conductor devices are: (1) Diffusion, (2) Oxidation, (3) Epitaxy, 
(4) Photolithography and (5) Metallisation. We discuss here each of 
these processes separately and later show how in the fabrication of 
devices wẹ, use them. For oxidation or diffusion one normally takes 
a silicon slice having resistivity between 0'5—50 ohm-cm as needed 
for the purpose. 

These lapped and polished wafers are rinsed in the deionised 
(DI) water of resistivity 10—20 Mohm-cm. These are then cleaned 
ultrasonically with acetone, trichloroethylene, again acetone and 
finally with absolute alcohol. Then these are dipped in H.F. solution 
(1:10) for about a minute thus ensuring the removal of thin oxide 
layers, if any, from the surface. After this the slices are washed in 
DI water. Next these are dipped in chromic acid solution at 90°C 
(+0°5°C) for about 15 minutes, rinsed in DI water and dried in Na 
gas stream. It is to be remembered that after a cleaning process 
only, the oxidation, diffusion or epitaxy follows. 


10.1 Diffusion : 

Diffusion is a process step that is used for doping a semi- 
conductor. In this a semiconductor sample in the form ofa slice 
is firstly lapped, mirror polished and, subsequently, cleaned before 
introducing within the quartz process tube in a furnace held at a 
higher temperature in the range 950°—1250°C. The furnace tempera- 
ture is maintained within a close tolerance preferably within +0°1°C, 
Through this furnace tube inert pure gas like N, or Agon used as 
carrier gas of the impurity is allowed to flow since prior to intro- 
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ducing the sample. The dopant material can be either in a solid 
slice form such as Boron nitride or it can be in a liquid form as 
BBr, or POCI,. In the first case, i.e., if the dopant material is 
solid, then it is placed in the process tube of the furnace adjacent to 
the slice on a quartz boat, while the carrier gas enters the process 
tube and flows at a certain moderate rate. While for liquid dopant 
case, the inert gas is bubbled through the liquid held in a test tube 
maintained at a constant low temperature and led to enter the furnace. 
‘The sample is kept in the furnace over a length of time that is 
sequired for the necessary depth of diffusion of the dopant atoms. 

In diffusion, particles flow from high concentration to low 
‘concentration regions. The particle flux is given by J= — D grad N 
where we have neglected any field flow since at the high temperature 
diffusion, we are discussing, the internal electric field can be neglec- 
ted. Combined with the continuity equation we have 

N DyN A ve (10.1.1) 
Ignoring the three dimensional effects, we consider only unidirec- 
tional flow, This implies that limitation of boundaries on the other 
two directions would be there. If the impurity is delivered to the 
surface in vapour form diluted with a carrier gas or a heavily doped 
polycrystalline silicon deposited on the silicon sample surface, then 
for the solution of the one dimensional form of the above equation 
we can use constant concentration N, at the surface as the boundary 
value. If we assume that the slice was earlier uniformly doped to 
level Na, it is semi-infinite in extension and that the Na atoms diffuse 


very little compared to the new ones, we have for the solution of the 
one dimensional diffusion case 


N=No erfe (x/2 JD) -Na oo se (10.1.2) 
which is seen to be a function of time, also of depth. 
where erfc (x) =1 — erf (x) 
and erf(x)= 2 [ex (-2z*) dz 
hence erf (0)=0, erf (%)=1 


the complementary error function profile is shown in fig. (10. 1. 1). 
From the steep fall within the sample it is apparent that this profile 
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would be usable where shallow high to low doping transition is 
necessary such as for emitter of a BJT or a first deposition waiting 
for a drive in diffusion. 


1:0 


2|z—> 
o 


1 2 3 
X IN MICRONS—> 


Fig. 10.1.1. Constant concentration diffusion profiles ; 2 ,/Dt is a parameter. 


The junction is formed at a depth where the total concentration 
given by equation (10.1.2) is zero, i.e., at 


x;=2./Dterfe-* AD se s+ (10.1.3) 


If, on the other hand, in the limited source diffusion, that is, 
if predeposited number of impurity atoms SN, per unit area on the 
sutface of the sample is fixed and the layer thickness T is very much’ 
thinner than the wanted depth of penetration, i.e., larger times are 


2 
allowed for diffusion or in other words x < (Dt/T) and t> 5 in 


that case the result of drive-in can be written as 


2 
N(x. t)= aN exp ( - a) wee (10.1.4) 


1 2 3 
X IN MICRONS—> 


Fig. 10.1.2. Limited source diffusion profiles with 2,/Dt as a parameter. 
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which is known as the Gaussian distribution and is as shown in 
fig. (10. 1.2). As can be seen from the nature of boundry conditions 
and its conditions of validity that this diffusion is usuable where 
deep diffusion is necessary, for example, isolation diffusion in I.C. 
fabrication, 

Since the diffusion constant D is strongly temperature dependent 
so the diffusion furnace temperature constancy, is a must to be 
achieved, 


10.2 Oxidation : 

Oxide layers are used for either as diffusion mask or for protec- 
tion against contamination as passivation layer. Oxidation is of two 
types, dry oxidation and wet oxidation. Dry oxidation is a slow 
process while wet oxidation is much faster comparatively with sacri- 
fice of quality. For wet oxidation the wafer is placed in the furnace 
tube held at a constant temperature between 900°C—1200°C and 
oxygen as mixed with steam is passed over the slice. In dry oxidation 
Only oxygen is used and no steam, The oxygen diffuses through the 
oxide formed and reaction proceeds as 

Si+O, — SiO, 
while with steam 

Si+2H,O-— SiO, + 2H, 

2H,+O0, +H,O 
In these the oxygen atoms enter the lattice and a portion of the 
surface of silicon is consumed to form SiO, so this growth need not 
be confused with deposition. It is to be remembered that previously 
diffused impurities obviously will diffuse further while oxidation is 
performed. One molecule of Oxygen is required for each SiO, 
molecule formation, This results in 0°45 micron of Si giving on 
micron thick oxide layer on oxidation. 


10.3 Epitaxy : 

“Epi” means upon ; “taxis” means arrangement. In this silicon 
is grown over a silicon substrate such that the newly born silicon 
atoms arrange themselves in the order of their host lattice. The layer 
thus being grown can also be simultaneously doped. Thus no doping 
to uniform doping, i.e., any doping profile desired can be achieyed by 
this process. 
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The process is carried out in an epitaxial reactor, as shown in 
fig. (10.3.1), which consists of a quartz tube containing a silicon 
carbide coated graphite boat heated by R.F. power from outside such 
that the boat is heated only while the tube remains cold, thus avoid- 

fing possible deposition of Si atoms on the inside walls of the tube 


INDUCTION COIL 


TO EXHAUST 
ILICON WAFERS 


RAPHITE BOAT 


Fig. 10.3.1. Growth of epitaxial films 


and subsequent contamination with the wafers on the boat. A mixture 
of silicon tetrachloride and Hydrogen gas is passed through the tube. 
The slices are kept at a constant temperature around 1200°C, In the 
overall reaction reduction of SiCl, to Si and formation of HCl 
occur. 


SiC, (gas) + 2H, = Si (solid) + 4 HCI (gas) 
Temperature and gas composition are critical because the reaction 


occurs bothways i.e., in the reverse reaction freshly deposited Si is 
etched away by HCI. 


Epitaxial layer grown on silicon substrate is known as Epi- 
slices, These are useful for IC fabrication. 
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10.4 Photolithography : 

This is one of the key processes that is repeatedly to be used for 
device fabrication for discrete devices as also for IC’s. This is 
mainly used for opening windows on grown oxide layers and oxides 
of these windows are etched away to expose the underlying semicon- 
ductor surface where impurity diffusion or oxidation or metallisation 
may be made. 

For the success of this step one needs a high resolution photo- 
sensitive emulsion known by the trade names, like Kodak Photo 
Resist (KPR), Shipley +ve Resist, Waycoat -ve Resist etc., the 
appropriate mask and a source of UV light. After the oxide has been 
grown, the slice is placed on a spinner which spins at rates of the 
order of 3000 r.p.m. where the slice is sucked on to the chuck by a 
rotary pump. A few drops (2-3) of the photoresist is put on the 
slice which spreads uniformly over the oxide. A thin layer of the 
order of a few thousand angstorm of photoresist coating of uniform 
thickness is obtained. This is dried in oven at 60-—90°C. On to this 
dried photoresist the mask, which is a reduced version of a large 
drawing on a photofilm, is placed and UV light is shone over it. The 
positions of the photoresist that are exposed to UV light polymerise. 
The slice is then dipped in developer to remove unpolymerised resist. 
After developing the slice is baked in oven at 140—160°C for about 
half an hour, This makes the exposed photoresist hard. Now the 
baked wafer is dipped in ‘buffered hydrofloric acid’ etch and selective 
etching is made to expose the underlying semiconductor. Then it is 
rinsed in deionised (DI) water followed by washing in stripper solution 
that strips off the photoresist. The wafers are then Cleaned and 
finally rinsed in DI water and dried in N, atmosphere. 


Thus we see that to expose a portion of semiconductor, we need 
a mask which allows light not to pass through these portions. Such 
a photoresist is called a negative photoresist. Positive photoresist 
is also available in the market which exposes portions exposed to 
UV light because these portions dissolves on developing. 


10.5 Metallisation : 

Metallisation means metal coating on to the different tegions. 
This coating of metal is performed by vacuum deposition or by 
sputtering, vacuum evaporation is performed at a pressure of 10-*°— 
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1077 mm of Hg, The metal, frequently aluminium, to be evaporated 
is held in a boron nitride or tantalum diboride crucible inside a glass 
or a metal chamber which is evacuated continuously from beneath, as 
shown in fig, (10.5.1), by rotary and diffusion pumps in series, 
Heating of the evaporant is done by R.F. induction or by electron 


Substrate Heater 
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and Base Plate 
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RoughingLine 
‘Vent Valve 


Thermocouple 


Mechanical Pump 
Air Release 


L Ny | Cold Trap 


Backing Valve 
Water Baffle 
Backing Line 
Mechanical Backing/ 
Oil Diffusion 


Pump: 


Fig. 10.5.1. High vacuum system 


beam to avoid contamination. Resistance heater should be avoided 
for production of IC’s. The crucible is supported on ceramic pillars 
and surround by R.F. coil tubing which carries water through it. 
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This is to keep the surrounding cool ; othewise, outgassing from 
condensed deposit and various materials in the chamber will increase 
the pressure above 10-* mm of Hg when evaporated material will 


scatter away from the desired target and contamination will also 
result, 


In electron beam heating, electrons emitted by a tungsten 
filament are shaped in the form of a beam by an electron gun. The 
beam is focussed and directed on to the évaporant charge which is 
held in a water-cooled crucible. Here magnetic field is used to bend 
and direct the beam. Normally E.B. heating is used for alloys which 
are difficult to evaporate. The advantages of E.B. evaporation are 
high evaporation rate, precise control, freedom from contamination, 
high thermal efficiency and the possibility of evaporation of unusual 
materials, 


Sputtering isa method in which bombardment of positive ions 
Temoves atoms of solid evaporant to the substrate. The positive 
ions are obtained by using an inert gaseous (usually argon) discharge 
to avoid any possible chemical reactions inside the chamber. 
Basically, the arrangement is a plane parallel electrode structure 
inside the vacuum chamber. The cathode is made of the target 
material to be sputtered while the substrate is placed on the anode. 
The pressure inside the vacuum chamber is kept about 10-? mm Hg 
and a high d.c. potential difference is applied between the cathode 
and anode until the gas breaks down to show glow discharge, 


10.6 Monolithic circuit fabrication : 


The word monolithic is derived from the Greek word ‘monos’, 
meaning ‘single’ and lithos meaning stone. Thus a monolithic 
circuit is fabricated on a single crystal piece. 


Here we study the fabrication ofa circuit 
as shown in fig. (10.6.1) where the diode is 
ss a Schottky diode used to prevent the transistor 

from entering into deep saturation thus en- 


4 


i eae abling a reduction in the saturation delay in 
5 switching. To fabricate this circuit on a mono- 
Fig. 10.6.1 lithic chip the technological steps are as 


described on next page (p. 251). 
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Step 1. Oxide Growth* : 

An (111) epitaxial silicon slice having for P-type substrate 6—8 
mil thickness and 10—50 ohm-cm resistivity is chosen with 6—8 
micron N-epi-layer thickness of resistivity 10—15 ohm-cm for the 
purpose, This slice is cleaned as described before and then a thin 
(~0.5 micron) oxide SiO, layer is grown over it by wet oxidation 
process as described in article (10.2). After this process step, the 
slice is as shown in fig. 10.6.2(a). 

SiO2 3 
WLM EEE EEEEE@EE EEE, 0° 5 


N 1015n Cm 6-8 4m 


P — SUBSTRATE(NoT TO SCALE 1507200 4m 


Fig. 10.6.2(a). Shows the dimensions and the oxide on top. 


Step 2. Isolation diffusion : 


By using a suitable mask with a photolithographic process step, 
the oxide is removed from certain places as shown in fig, 10.6.2(b) 


Vy .._\ LL 


pt 


Fig. 10.6.2(b). Shows the isolated island P+ diffusion. 


and after cleaning as described in article (10.4) P*-diffusion is made 
through the cut-windows so that isolated N-islands are obtained as 
shown in the diagram. The P-type substrate will be held at the most 
negative potential so that the N-type islands will behave in circuit 
as isolated by the high reverse biased resistance to substrate. 


The doping in isolation diffusion is high (P+~0.5 x 10#°) so 
that the depletion regions extend into the lighter N-doped regions thus 
avoiding possible shorts of N-islands, It is to be noted that the 


*To reduce the collector series resistance for Vzo(sat) lowering or as 
required for H.F. transistors ‘buried layer’ diffusions are made. Thess ate so 
located that after the epi-layer growth these regions fall beneath the collector 
regions. For IC’s in particular such epi-slices are used. 


, 
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N-islands thus have distributed parasitic capacitances to substrate 
which affect the speed of operation in digital circuits and slew rate 
in linear circuits. The P-diffusion concentration is chosen to limit 
this capacitance to a few picofards only. 


Step 3. Base diffusion : 


After isolation diffusion a layer of oxide is formed over the 
entire surface and with suitable mask a photolithographic step is 
carried out to etch windows in the oxide, as shown in fig. 10.6.2(c). 


Fig. 10.6.2(c). Shows the sample after P base diffusion. 


Then after usual cleaning the P-type base diffusion is made. In this 
step the base region, the resistor regions, the anode of diodes and 
Junction capacitors (if to be incorporated in circuits) are catered for. 
Hence it is important to have the depth of diffusion as shallow the 


doping concentration comparatively much lower than isolation 
diffusion, 


Step 4, Emitter diffusion : 


A new layer of oxide is again formed on the entire surface. 
Again with suitable mask a photolithographic step is carried out to 
etch windows for emitter region, collector metallisation regions or 
diode cathode regions and capacitors (if any). Through these 


Fig. 10.6.2(d), The sample after ‘N’-diffusion prior to further oxide growth. 


windows shallow heavy N-type phosphorous diffusion is made after 
completion of which it is as shown in fig. 10,6.2(d). 


s 
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Step 5. Metallisation : 


Another layer of oxide is again grown on the entire surface and 
with a suitable mask a photolithographic step is carried out to etch 
windows for metallised coatings of the component electrode forming 
regions, Aluminium is coated by vacuum evaporation to the entire 
surface which is then etched away in another photolithographic step 
with a suitable mask at selected regions to give pattern like 
fig. 10,6.2(e). This is how the circuit mentioned has been realised. 


0 E 9 a10 8 


Fig. 10.6.2(e). Shows the circuit after metallisation. 


The slices are then sintered in N, atmosphere at about 580°C for 
10—15 minutes. The aluminium forms eutectic mixture with local 
silicon underneath, 


It is to be noted that aluminium is a P-type material; hence 
on P-regions it gives ohmic contact while at N* regions the barrier 
becomes thin enough (if the doping is heavily N**) so forms also an 
ohmic contact where the carriers tunnel through the thin barrier 
which is of the order of atomic dimensions, Basically, it becomes a 
metal to degenerate semiconductor to N-type semiconductor transition. 
Also note that the positive electrode for Schottky is Al which con- 
nects the N-type collector region to form the Schottky barrier, i.e., 
when N-side that is collector is more negative than the base P, the 
forward current for Schottky flows through the metal Al instead of 
through semiconductor, Individual circuits or devices are then 
tested and the underrated ones are marked with special ink spots. 


Step 6. Die bonding : 


The slices are then put in a scribing machine, the device boun- 
daries are marked with a fine diamond tool and the individual device 
chips are separated out. Each chip is mounted on a suitable header 
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and to the posts of the header 1 mil Al or gold wires are stitch 
bonded from the required metallised terminal pads. 


It is to be noted that in Step 1 we used a silicon slice with (111) 
plane as the flat surface. This is because the (111) plane has got 
the highest mobility of minority carriers. In bipolar technology this 
is the preferred orientation of crystal plane. 


Also note that the technological steps described above is the 
standard bipolar technology and that this requires four oxidation 
steps, three diffusion steps and five masking steps as bare minimum. 
That these masking steps do not foul is taken care of by aligning each 
mask to the slice in a machine known as ‘mask aligner’ incorporated 
with a lighting arrangement and a high resolution microscope while 
the slice is mounted on the platform and held in position by suction 
from a rotary pump. 
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Chapter 11 
MOS AND MOSFET 


In this chapter Metal to Oxide to Semiconductor interface and 
Field effect transistor based on carrier flow on this type of semicon- 
ductor interface will be discussed. In this structure the oxide of 
thickness greater than 100°A, normally of the order of 1000°A acts 
as an insulator grown on the semicoductor ; usually as SiO, on silicon 
and on top of this oxide a metal electrode called gate is deposited, 
This metal gate and an ohmic contact on the semiconductor forms a 
capacitor element. The application of a d.c. bias on these electrodes 
causes a field to appear at the oxide semiconductor interface region. 
The effect of this field is the subject of study of this chapter, 


11.1 MOS Structure ; 


If we have started with a p-type semiconductor and the metal 
is made negative with respect to the semiconductor, then the interface 
field is directed towards the oxide from the semiconductor pulling in 
electrons within the bulk from the interface regions and pushing holes 
to the interface as shown in fig. 11.1.1(a). Ifthe applied voltage is 


P — SUBSTRATE 


METAL OHMIC 
CONTACT 


Fig, 11.1.1(a). Shows the effect of interface field. 


appreciable we would expect the effect to be considerable and there 
would be appreciable increase of holes (the majority carriers) at the 


256 SEMICONDUCTOR DEVICES 


surface with a reduction in the number of minority carriers. In this 
state we speak of the semiconductor surface as an accumulated one, 
when due to accumulation of majority carriers the interface region 
conductivity increases than that of the bulk region as shown in 
fig. 11.1.1(b). Fig. 11.1.1(c) depicts the expected energy band diagram 


f 


Surface 
Conductivity 


Inversion 


Accumulation 
Layer 
Bulk Conductivity 


EEA C p a` 


Depletion Region 
— Vg 


Fig. 11.1.1(b). Surface conductivity vrs gate voltage. 


during this situation from the bulk to the surface of the semicon- 
ductor, Deep within the bulk semiconductor the carrier concentra- 
tion hence the distance between the F.L. and the V.B. has not changed. 
As the surface is approached on the left this distance decreases 


Fig, 11.1.1(c). Shows the energy band diagram when holes are 
accumulated on the surface. 


indicating an increase in majority concentration and an increase in 
the distance between F.L. and C.B. indicating a decrease of minority 
concentration. Since in steady state an equilibrium is reached, 
therefore, the F.L. is shown as flat between the metal through semi- 
conductor to ground while the applied voltage difference between 


» 
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ground to gate metal has got distributed partly in the oxide layer and 
partly in the semiconductor through the interface region. 


If the gate voltage is increased in the Positive direction from 
the accumulated state, the field strength decreases, the surface con- 
ductivity decreases and at a certain Voltage it becomes minimum. The 
value of this voltage obviously depends on the metal work function, 
semiconductor electron affinity and doping level apart from the state 
of the surface, which may have carrier capturing centres known as 
surface states, since it is a surface and is different from the bulk semi- 
conductor in respect of microscopic electrical forces of the atom 


2 
cores and others. The minimum of conductivity g (usp + mE) will 


be attained when the surface hole concentration Teaches P= niv inu 
and: electron cóncentration n=N; Juun 88 it happens normally in 
the bulk semiconductor apart from the differences occurring due to 
different values of the mobilities on the surface from the bulk region. 


If the gate voltage is made more positive, more holes move out 
of the interface region and the region becomes depleted of mobile 
holes while minority carrier electron concentration increases, With 
increasing gate voltage, therefore, the depletion region width 
increases while minority carrier concentration at the surface increases 
ultimately becoming much more than the majority carrier concentra- 
tion at the surface, and the surface conductivity also increases with 
voltage. When the surface minority carrier concentration becomes 
equal to the bulk majority carrier Concentration, the surface is said to 
be inverted, i.e., the surface conductivity is primarily determined by 
minority carriers instead of majority carriers. In this state the 


Metal Gate A 


P -Substrate 
Ohmic Contact 


Fig. 11.1.1(d), Energy band diagram when. Fig; 11.1.1(e). Shows the inverted 
SiO,-Si interface region is inverted. mobile charge at the SiO,-Sem. 
interface and depleted fixed 
charge beneath this.  “ 


17 
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energy band diagram will look like that as shown in fig, 11.1.1(d) and 
surface charge is shown in fig. 11.1.1(e) where the mobile minority 
carriers are mostly available at the semiconductor surface while 
immobile acceptor sites extend to depths of the order of a micron or 
so, Similar phenomena will also happen if the substrate was N-type 
while the bias polarities and carrier types were oposite to that used 
in the above discussion, 


11.2. MOS Transistor : 


The MOS transistor or MOST utilises. the principle of carrier 
depletion, inversion or accumulation creating ability of the gate 
voltage on the surface of a semiconductor at the oxide semiconductor 
interface, the gate being used as the control electrode; A typical 
transistor structure is shown in fig. (11.2.1) where a P-type substrate 


Fig. 11.2.1. Shows the MOS transistor with bias voltages, 


has been used for the discussion. Two N-type diffusions on either 
side of the gate oxide and slightly overlapping the gate metal (~0°5 
micron or less) serve to supply minority carriers as source S and 
drain (D) to drain the carriers. With the biasing polarities as shown 
in fig. (11.2.1), at the source end beneath the gate metal the field 
is due to V, while at the drain end it is due to a voltage (V,— V3). 
If V, is large enough so that (V,— Va) is able to invert the semicon- 
ductor surface at the drain end then obviously at the source end and 
throughout the gate length on the surface inversion exists, ‘In that 
case, the source and the drain regions get connected by the inverted 
layer of mobile charges (electrons) and current flows between source 
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and drain, Variation of V, or Vq or both causes the surface electron 
concentration ; hence conductivity of the surface layer to change 
that changes the current. This is the basic principle of operation of 
the MOS transistor. ; 

To understand the nature of the current voltage characteristics 
quantitatively, the field E, that exists on the semiconductor surface 
can be written in terms of the surface charge per unit area from 
Gauss’ law as 


EE = Quur sge (11.2.1) 
If the insulator thickness is ¢ then it can be written as 


E+ -Vve NE (11.2.2) 


where V, is the running voltage on the surface at a distance x measured 
with respect to source end at x=0 as shown in fig. (11. 2. 1) and Vr 
is a voltage which takes into account of the effect of the surface state, 
the surface being different from the bulk and because the work 
function difference of the metal, insulator and the semiconductor 
should be taken into account. It is to be noted that throughout the 
whole length of the surface, Vr has been taken as a constant in our 
discussion, the composition of which would be examined in a later 
article. 

From equation (11.2.2) the surface field at the source end is 


(Yee) while at the drain end it is (V,— Vr- Va)/t, i.e., lower at 


the drain end. Hence for a certain V,, as Vg increases the field on 
the surface throughout as also at the drain end decreases. When 
V,-Va= Va the field at the drain end becomes zero, and by (11.2.1) 
the channel charge at the drain end becomes zero. That is, the 
channel becomes non-existent or saturates. Hence so long as 
V,-Vr > Va the channel exists and in that case we can write for the 
channel current flowing from drain to source as : 

a= u KEW Qeur vs (11.2.3) 
where W is the width as shown ‘in fig. (11.2.1) and wis the carrier 
mobility on the surface. Substituting for Qsur from equation (11.2.1) 
using (11.2.2) and rearranging, we have 
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Ta. dga E W880 (y,Va-V,)dVe + (11.234) 


which on integration between the source end at x= 0 where Vz=0 to 
the drain end at x=L where V,= V; gives 


2 
15 aes [Vava - Vn) - Ya | ws (11.2.4) 


‘Equation (11. 2. 4) gives the drain current so long V; — Vr > Va and 
‘the channel exists. The channel saturates when Vo- Vr=Va when 
the current saturates and becomes 


2 
Ta vag eee at B yaa BV, Va) os (11.25) 
= UWE, oer 
where p=“ (11.2.6) 


Equation (11.2.5) shows that the transfer characteristics follows a 
square law which leads to the use of the device as a squarer, Note 
that the term saturation in MOS refers to the absence of channel and 
is used with a meaning different from the word saturation of a 
bipolar transistor. The current voltage characteristic is shown in 
fig. (11.2.2) in which the saturation boundary is shown with a chain 
dotted curve. Note that V= Vz curve implies always in saturation 
in this figure, 


Vg= tov 


Vo= 8V 


Vg=6v 


Vg=4v 


DRAIN CURRENT Iq (MA)——> 
a 


Vg= 2v 
Vg=1V, Vz=1V 


eit 
Vg Sourse Drain Voltage 


Fig. 11.2.2. n-channel enhancement mode transistor output characteristics. 


For transconductance we have for equation (11.2.4) 


al, 
ann) Va i “+ (11.2.7) 
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which increases linearly with Vg till saturation ; 
at saturation this is 


Ems = B(V, — Vr) + (11.2.8) 


showing that the saturation region Em increases linearly with V,, the 
gate voltage. The output conductance from (11.2.4) is 


la 


Valv, 78 Vo- Vr) = Val -i (11.2.9) 


Sa= 
which at saturation is zero in this oversimplified theory. When the 
channel saturates and, thereafter, increase of Vz causes the pinch-off 
width of the channel to increase while on either side of this region 
mobile carrier concentration exists, the field in the pinched-off region 
increases and the current is mainly controlled by this region. This 
situation may be compared to an open base swept bipolar tran- 
sistor or to the saturation region of the velocity field characteristic 
where near ohms law characteristic is well-known and the output 
resistance is of finite high value of the order of a few hundred kilo- 
ohms for high resistivity substrates and long channel devices. 

The input impedance of this transistor can be of the order of 
10** ohms and entirely depends on how good the insulator leakage 
reduction has been achieved. The figure of merit or the gain band- 
width product can be defined as the transconductance ‘g divided 


by the gate capacitance (275), and is 


Coa fa Vo- Vn) < (11.2.10) 
So the frequency performance is proportional directly to the carrier 
mobility on the surface and inversely to the square of the channel 
length. 


Since the gm of the device is low, 3 to 5 m mho, it does not 
find much application as amplifier. It is most imoportant for its 
very high input impedance and used as mixer, squarer in analog appli- 
cations and because a MOS transistor used as a resistor. occupies 
about only 2:to 5 per cent space on chip than a conventional resistor 
as used in article (10.6) so it has found ample application as load in 
load driver pairs apart from wide spread application in dynamic 
digital circuits. 


262 SEMICONDUCTOR DEVICES 
11.3 Output and transfer characteristics : 


A MOS transistor can work in either enhancement mode where 
` ‘the channel charge strength is enhanced or in depletion mode where 
the channel charge strength is decreased or in both modes depending 
on the value of the voltage Vr which is fixed for a certain device. On 
the other hand, a MOS transistor may have teen built on p-substrate 
which will have n-channel while if it is built on n-substrate it will 
be a p-channel transistor. Considering all these, there can be 
four types of MOS transistor, the transfer characteristics of some of 
which are shown in fig. (11.3.1). 


In an n-channel enhancement mode transistor at V,=0 no 
channel exists and the created channel is N-type hence built on 
p-substrate and Vr is positive as shown in fig, (11.2.2). The source 
is an N-type doping supplying electrons to the channel created by the 
application of a positive gate voltage as has been discussed. The 
circuit schematic is a shown in fig. 11.3.1{a). To start with there 
was no channel indicated by broken line between drain to source, 


t) {b) 


Fig. 11.3.1 (a). The circuit schematic : 
(b) Shows the transfer characteristic 
for n-channel MOST, 


te) @) 


Fig. 11.3.1 (c). Circuit schematic 
and (d) Saturation region transfer 
characteristics of n-channel 
depletion mode MOST. 


The gate is drawn as an L the knee of which appears near the source, 
The substrate arrow is pointed in the forward conduction direction of 
the channel substrate p-n junction and hence can be connected to 
the most negative point; here the source, thus back-biasing this 
junction. Drain is Collecting electrons ; hence Positive with respect 
to source. Vp is positive and larger gate voltage gives larger current, 


hence the saturation tegion transfer characteristic is shown in S 
fig. 11.3.1(b). 
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For an n-channel depletion mode MOSFET at V,=0, a channel 
exists, indicated by bold line between source and drain. Gate Knee 
occurring near’ the source that supplies electrons to the channel ; 
hence negative with respect to drain. The gate causes depletion of 
channel charge ; hence negative with respect to source, A certain 
negative voltage on gate Vr is needed to pinch-off the channel as 
shown in fig. 11.3.1(d). 


If power dissipation permits this FET can also be used in the 
enhancement mode by making the gate positive with respect to 
source as shown in the output characteristics of fig: 11.3.1(e). 


Fig, 11.3.1(e), n-channel MOST output characteristics for 
both enhancement mode and depletion mode, regions. 


For the other two configurations (viz. p-channel enhancement 
mode and depletion mode) the student is required to plot the charac- 
teristics along the lines indicated above. 


11.4 Small signal theory : 


The channel region of the MOSFET can be regarded as a distri- 
buted transmission line of which an elemental section is shown in 


Fig. (11.4.1) for which 
Ia Rdx= -dVz 


or Ig= -aA «e (11.4.1) 
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where Gap is per unit length conductance of the line at x=x, say 
and from equation (11.2.3a) is €&ou W(V,—-Vr-V,)it. Therefore, 


tari- -[G+(29) Wer) (14.2) 


Fig. 11.4.1. An elemental length (6x) of 
transmision line lumped and shown. 


From equations (11.4.2) with (11.4.1) and neglecting second 
order small quantity 


-2 @) U (114.3) 
equation (11.4.3) with (11.4.1) gives 
dV, d ia ef 

BL Fa G- av, s+ (11.4.4) 


Again for capacitance charging current loss where c is per unit length 
Capacitance © 


at SJucvod s+ (11.4.5) 
a4i_ dV; 
dV, dx 
Hence using (11.4.1) with (11.4.5) 
s fi- JEEG») -= (11.4.6) 
= 


From (11.4.6) 


d'i c d 
-aV Ta av, © 


i i 
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which with equation (11.4.4) gives 


ai . 
-aa jis Gi ss (11.4.7) 
Substituting for G from article (11.2) and using for (&s£€oW/f)=c 
di actu N 
-ayani ja (Vo- Ve- Ve) i s+ (11.4.8) 
changing variable i (V, -Vr-V,,)= -u and we have from (11.4.8) 
went PEE im JK? ui “ (11.4.9) 
where 2 = (wc*u)/Ta*. 


From at (11.4.6) with substitution for G as above and change 
of variable 
hs w vs (1.4.10) 


du 
with transformation z= 2 K Gi” equation (11.4.9) can be reduced to 
Bessels equation of 4 order. Hence the solution can be written as 
i= VulAS, (2)+B J4 (2) e+ (11.4.11) 
From equation (11.4.11) with (11.4.10) one can easily calculate y as a 
function of u and then one can proceed to find out the equivalent 
circuit along the lines as described in article (9.3). 
The equivalent circuit that is obtained is exactly similar in form 


Fig. 11.4.2, Shows the origin of the elements of : 
the equivalent circuit 
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to that shown in fig. (9.3.3) of article (9.3) and it is instructive to see 
figs. (11.4.2) and (11.4.3) for the origin of the components. 


Note that the gate to channel capacitance Cen gets divided into 
two parts one adding to C,, and the other to Cga. The source end 
p-n junction diode capacitance is short because substrate is connected 
to’ source. The input lead capacitance C,,, and the drain diode 
capacitance Cz, remain. For low frequency work, because of the 
high input impedance, a much simpler equivalent circuit, as shown 


Fig. 11.4.3. Common source equivalent circuit of MOST. 


in fig. (11.4.3) is adequate. For very high frequencies the lead 
inductances and stray capacitances should be taken into account and 
the transistor parameters should be measured or collected from 
the manufacturer for good design work. 


11.5 Semiconductor charge and Potential in. MOS : 


In order to understand the MOS as capacitor element and its 
device potential we need to examine the charge distribution and 
potential variations within the semiconductor under the metal gate 


MET 


Fig. 11.5.1. Shows the energy band diagram of a 

p-substrate MOS under equilibrium condition after 

application of a gate voltage V, with respect to 
substrate. 
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region of the MOS. For convenience of description the energy band 
diagram of a MOS on p-substrate is shown in fig. (11.5.1) when a 
positive gate voltage V, has been applied to the metal gate with 
tespect to the substrate. In this section we intend to refer to 
concentrations of carriers in terms of potentials measured with 
respect to intrinsic Fermi potential ¢, where —q¢;=E,;, when the 
concentration deep within the bulk can be written as 


P=N; exp (for) and n=n, exp (— fdr) < (11.5.1) 


Fig. 11.5.2: Shows the potential diagram 
corresponding to fig. (11.5.1). 


where p=(q/kT), i.e., for an N-type semiconductor ¢p is negative. 
Similarly, for a location in the space charge region where the depar- 
ture of the intrinsic potential level is ġ from its value deep within the 
bulk the concentrations for the situation shown in fig. (11.5.1) can be 
written as 


p="; exp Bior- $) } ve (11.5.2) 
n=n, exp- plor- ¢) 

under the equilibrium situation. 

Deep within the bulk the space charge is zero and so 
p-n=Na-Na and ġ=0 
hence Na-Na=p-n=2n; sinh for 

While in the space charge region 

p=alp-n-Na+ Na) 
=2mg [sinh p (ġr-¢)- sinh £ $r] s+ (11.5.3) 
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Hence for the space charge region the Poisson’s equation may be 
written with 6¢=u notation as 


dbh -taus [sinh (ur -u)~sinh:ur] ve (11.5.4) 


defining nf a" L, where L is the Debye length. 
We have from (11.5.4) 


L* die, = [sinh uv- sinh (up u)] ++ (11.5.5) 


Integrating one step from x where u=u to x=% where u=0 and 
(du/dx)=0 we have 


45 qu +[u sinh up+cosh (up—u)-cosh us]? s+ (11.5.6) 


For the case in hand shown in fig. (11.5.1), negative sign applies 


since the field B= -J$ - 4 4! is positive, ie. directed from the 


oxide to the semiconductor, 


From equation (11.5.6) the semiconductor surface field is 
obtained with ¢=¢, and u=u, as 


BE = a [u, sinh up+cosh (up -u,)-cosh uy]? =. (11.5.7) 


Hence the total charge per unit area within the semiconductor by 
using Gauss’ law, since deep inside the semiconductor the field is 
zero, is given by 


Lies [u, sinh up +cosh (up — u,) — cosh ur]? 


(11.5.8) 


For the p-type substrate under discussion, the potential ¢ variation is 
shown in fig. (11.5.2). The space charge (Q,/g) versus 4, can be 
plotted for different extent of doping, i.e., for different values of or 
from equation (11.5.8) and is shown in fig. (11.5.3). It is to be 
noted from this figure that strong change of minority carrier concen- 
tration occurs at about ¢,=2¢r ; hence we take the surface potential 
on start of strong inversion as 24 for computational purposes. This 
can be given a plausibility argument that in the bulk there was a 


Q.= -£8,E, = - 
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certain concentration of majority carriers given by equation (11.5.1), 
due to band bending, whatever may be the reason, the intrinsic Fermi 
potential need to depart by rto turn the point in question to 
intrinsic and a further amount of r to convert this point equally 
strong of opposite conductivity type. 


10" 1010 


Depletion 


Accumula- 
tion “4 

2 Na-Ng=10, 
iH od)F 0°22 


Inversion 


Fig. 11.5.3, Surface potential VRS surface charge as predicted 
by equations (11.5.3) is shown. 


Hence when the positive gate voltage with respect to the 
substrate increases from zero, the surface potential ¢, increases ; but 
on strong inversion that occurs at ¢,=2d¢r, the surface potential 
cannot change any further since mobile minority charges of large 
magnitude rushes to the surface to quench any excess field that may 
be attempted to be set up within the semiconductor from outside 
application of voltage. This can reasonably be viewed as a failure on 
the part of the surface recombination rate, that cannot cope up with 
the on-rush of minority carriers at this level of field, to annihilate 
them by recombination. 


Hence with increase of gate voltage if 4, does not change so the 
depletion region width will not also change. That is xa the depletion 
region width in a MOS, will have a maximum value under equilibrium 
conditions aS Xam» It is to be noted that it is not a maximum in the 
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algebraic sense rather an approximation. From equation (11.5.8) 
with the onset of inversion ¢,=2¢r and using (Na — Na) = 2m, sinh uy 
we have for the per unit area fixed surface charge at the start of 
inversion as 


Qua maz= — [28 849 (Na — Na) (2¢x)]? s+ (11.5.9) 
which with Qsa maz= —(Na-Na) 9.Xam 


$ 
gives for zan- + (11.5.10) 
Equation (11.5.10) shows that the maximum depletion region width 
ean be computed by assuming the depletion region with Xam as due 
to complete depletion of mobile charge from the surface region 
sustaining a potential difference 2¢;. In other words, when a deple- 
tion region width xz», given by (11.5.10) has been reached, while 
increasing the gate voltage V,, the inversion charge of mobile minority 
carriers starts to rush to the surface. It is to be remembered that 
these concepts apply to equilibrium or slowly changing conditions so 
that the minority carriers find sufficient time to reach or move out as 
may be required by the changed gate voltage V,. 


11.6 Composition of V;: 


For an n-channel MOS the band diagram and the various charge 
distributions are shown for two cases. 


Case 1: Where the gate voltage is zero, 
Case 2: When xa=Xam and a gate voltage larger than required 
to produce inversion has been applied. 


The various charges and energy differences that appear in the 
figs. (11.6.1) and (11.6.2) are : 


4 Mos the metal to oxide barrier energy, depends on the metal 
and the particular oxide in question. As for example, photoelectric 
and C-V measurements suggest for Al-SiO, system g¢mox = 3.2 ev, 
for Au-SiO. 4 wos =4.1 ev and for Ni- SiO, system q.dyox = 3.7 ev 
and so on. 
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9 bsos is the energy associated with Si-SiO, barrier. Measure- 
ments made with various metals with Si-SiO, interface indicate that 


Qss 


Qsq 
(b) 


Fig. 11.6.1 (a) Shows the energy band diagram ; 
(b) The corresponding charges Q, 
at the gate metal, Q,, at the 
oxide-sem interface and Q.e the 
semiconductor depletion region 
charge at zero bias between 
metsem. 


Silicon-Silicon dioxide barrier energy is 3.25 ev, and is approximately 
independent of conductivity of Si or its conductivity type and its 
orientation. 


GV ozo is the potential energy difference across the insulator 
under zero voltage gate to substrate bias condition and depends on 
the technological process step details and success, 
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so is the zero bias surface potential energy with reference to 
the bulk, hence also depends on the technological process step details 
and their success, 


Fig. 11.6,2 (a) Shows the energy band diagram 
(b) The corresponding charges Q,, l 

Qus Quam and inversion charge 
Q, for a gate bias V, >Vr. 


qr is the energy difference between the intrinsic Fermi level l 
and Fermi level in the bulk far away from the contact tegion hence 
independent of bias conditions (c.f. equation 11.5.1). 


44, is the surface potential energy under a gate bias V, with 
respect to the bulk crystal. 


qV ow is the potential energy difference across the insulator for 
a gate bias voltage V,. i 
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Q,; in figs. (11.6.1) and (11.6.2) is the fixed normally positive 
surface charge density per unit area present in the silicon dioxide very 
close to the semiconductor silicon interface. This charge depends 
on the surface states as also on the technological process details and 
depends on the crystal orientation. Any mobile ionic charge in the 
insulator SiO, is assumed not to exist in contributing to Q,,. Hence 
‘Qs, is independent of bias conditions of the MOS. 


Q; in fig. (11.6.la) is the per unit area charge needed on the 
metal gate to account for total charge neutrality under equilibrium 
conditions at zero bias. Hence under the condition 


Qot Qss + Qea = 0. 

Q:am is the maximum depletion region charge per unit area 
under equilibrium conditions at a gate to substrate bias voltage V, 
such that h,= 2d, 

Q,, is the mobile minority carrier charge per unit area under 
inversion condition at an applied voltage V, on metal gate with 
respect to substrate under equilibrium condition and will henceforth 
be called the inversion charge. 

Q, in fig. (11.6.2a) is the per unit area charge needed on the 
metal gate to account for total charge neutrality under equilibrium 
conditions at a positive gate voltage V, applied with respect to the 
substrate. Here also Q,+Q,,+Qsam+Qu=0 but the values of Q, 
in the two figures are different. 

From Gauss’ law in either of the figs. (11.6.1a) and (11.6.2a) 
the potential difference across the insulator is (Q,/C,,,) where Cox 
= Fete) and to, is the insulator thickness. 


pide fig. (11.6.1a) we have, 
byot Voto = bs00* Z2- dro + dr “+ (11.6.1) 
Defining for the particular metal-insulator-semiconductor combina- 
uon, the constant 
PMs = $Mox — Psoz — A — of s+ (11.6.2) 


we have from (11.6.1) 
ous = —(¢s0+ Vozo) tU5O19,6.3) 
18 
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Considering the equilibrium situation depicted in fig. (11.6.2a), that 
the variable quantities in equation (11.6.1) are do and Vo. only and 
in both of the figures these two voltages being additive and in the 
Same sense of deviation, we have for V, 


Vo= (bz + Vou) = (bso + Vogo) vss (11.6.4) 
which with (11.6.3) gives 
Vo=¢ms+ Vout os see (11.6.5) 


Compare this with equation (11.6.3) to find its general charac- 
ter regarding variation of ¢, and V,,, while Gauss? law gives always 


Vou= Qg/Coz + (11.6.6) 
and under inversion conditions, 
Qut Qos + Qram+ Qu=0 ees (11.6.7) 
while prior to inversion Qa < Qam 
and Qot Qst Qa =0 s+ (11.6.8) 


Equations (11.6.5) to (11.6.8) describe the charges and potential 
variables in a MOS structure. 


From equation (11.6.5) at the onset of inversion 
Va =Vp= ġust QulCoz + 2he 
and since Qu =0, Qa= Quam 
Vr = gus — Qus + Qran), 29 s+ (11.6.9) 
Om 


while: Quam = + V28,8,q(Na — Na) 267 s+ (11.6.10) 
minus sign being applicable to p-type substrate while plus sign for 
n-substrate where though ¢y is negative (Na — Na) is also negative. 
Hence from equations (11.6.9) and (11.6.10) the threshold voltage 
of a p-substrate n-MOS is given by 
Lop Oe 
Vo=(¢ms + Cu 26 08.9(Na — Na)(2¢y) - ee + 2¢y) 
+ (11.6.11) 


Tt is to be remembered for n-substrate (Na—Na) is negative so 
also gy. : 


Because 5 of the presence of Q., even under zero applied gate 
voltage conditions there can have bent bands and to take account of 
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this band bending equation (11.6.5) can be written with equation 
(11.6.8) as 


Vom dus Qt- Qtt d= Vp- Gott bs “+ (11.6.12) 


where the flat band voltage 
Vom dus - St «= (11.6.13) 


is the gate voltage needed to make ¢; =0 =Q,, i.¢., to make the bands 
flat. 


Using equations (11.6.13) equation (11.6.11) gives for the 
threshold voltage of a MOS 


Vim Vop+ dy = Jier Na -Naty ©. (11.614) 


The negative sign applies for n-type substrate, 


It is to be noted that the threshold voltage depends on the flat 
band voltage i.e., the surface conditions described by Q,,, the metal 
oxide system described by ¢ug(cf. equation 11.6.2), the doping density 
described by (Na — Na) also ¢¢ and the oxide capacitance as deter- 
mined by the oxide thickness and its permittivity. 


11.7 MOS Capacitance and its equivalent circuit 

The substrate to gate capacitance of the MOS structure depends 
on the d.c, applied voltage on the gate as also on the frequency. The 
d.c. applied voltage can cause either accumulation, depletion or even» 
inversion of the oxide semiconductor surface layer, while in inver- 
sion condition only, the minority carriers are called into play in 
large numbers. In accumulation majority carriers are involved to 
respond to the a.c. voltage fluctuation required for the measurement 
of the capacitance. In the depletion region also the remoyal and 
calling back of the majority carriers are involved mainly. While in 
inversion on top of removal and call of the majority carriers for the 
depletion region, the rush of minority carriers to the surface from 
the depletion region obtained from thermal generation or from the 
neutral region on all sides of the depletion region occurs, which, the 
surface being unable to completely anihilate by recombination ; shares 
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a portion of the a.c. field. Hence, the capacitance versus applied 
gate voltage is frequency dependent as shown in fig. (11.7.1). 


Low Frequency 


Freq independent 
if no frquency 
dependent 
surface state 


~> D.C. Gate bias 


Fig. 11.7.1. MOS capacitance versus substrate gate voltage 
. of p-substrate. 


For an examination of the detailed nature of variation of this 
capacitance, we write 


-1 m AVe Ree 
C= FG (11.7.1) 
which with equation (11.6.5) can be written as 
“I = Woe dbs ose 
(a TOP +70, (11.7.2) 
Equation (11.6.7) can be re-written as 
1Q,) = 1Qes + Qeam+ Qn] Cah (11.7.3) 
Now define gy ~ ai aye = Coz the oxide capacitance se (11.7.4a) 
algai =C,, ++ (11.7.4b) 


if Q,, or its part is variable 


Eola _ d/Quam| ei ip 
oe % = = Cram if Qram Varies due to $s Variation 


+ (117.40) 


d 
and | oes “dg, = Cn minority carrier capacitance. + (11.7.4d) 
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Equation (11.7.2) can be written as 
-1C -14 [AQI 
Eri T Cor +[ by ] 


which with equations (11.7.3) and (11.7.4) becomes 
A = Cog t+ (Css + Cram + Cn)™* at (11.7.5) 


Under accumulation conditions only the majority carrier fluctuation 
due to the a.c. applied voltage is of major importance. since the 
original minority carriers are too few to be counted. While the 
majority carriers can respond to the fluctuating voltage with the 
relaxation time 7=¢,,/c which is of the order of picoseconds or 
lower depending on the doping level of the substrate. Hence majority 
carrier charge changes will be independent of frequency. Moreover, 
the terms C,q,, and C, in the second term of the right-hand side of 
equation (11.7.5) does not concern us here since there is neither 
depletion charge nor inversion (minority) charge involyed in. the 
accumulation region, But on the surface, there can be surface states 
which can capture or release majority carriers as the Fermi level 
moves with a,c, applied voltage, In that case against C,, we can use 


a suitable capacitance C, defined by Cum Rat! where Qu = Qio 


+Q, and C,,= ate Cy; Qsso being the constant part, hence under 
8 
accumulation region the gate to substrate capacitance is given by 
C= Coe + (Cai) s+ (11.7.6) 


which we shall see later to depend on surface state’s speed of particle 
exchange. In ideal MOS capacitors voltage variable surface state 
charge density is assumed to be low enough so that Q,, is practically 
constant in that case the capacitance in accumulation region is given 
by 


C=C,, se (11.7.7) 


and is independent of frequency as shown in fig, (11.7.1). 


Under depletion conditions, there is no inversion charge Q, ; 
hence C,,=0 for ideal MOS, Q,, is fixed hence C,,=0, and we consider 


in this case Can Tel against C,2,, of equation (11.7.5) since the 
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onset of inversion has not yet been reached, when we have from 
equation (11.7.5) for ideal MOS capacitance. 
C-t = Cop"? + Cham? =. (11.7.8) 
Here again the movement of majority carriers are responsible for the 
charge depletion and their coverage hence the capacitance in this 
region given by equation (11.7.8) is independent of frequency as 
shown in fig. (11.7.1). If, of course, the capacitance is non-ideal 
then we should take account of surface state charge variation as was 
done in the accumulation region and the capacitance in that case will 
y ? di 
be given from (11.7.5) with C,,= ora = oR Cu 
as C= = Coat + (Cyt Cay? (11.7.9) 
Within the inversion regim again equation (11.7.5) is used 
assuming ideal case situation of C,,=0 i.e., the surface state charge 
is fixed. For very low frequencies, the minority carriers find enough 
time to reach the surface in response to the field increment which, in 
turn, quenches this incremental field, thus inhibiting excess depletion 
necessary to accommodate such a,c. fields. Hence we have 
Coam= lQuaml 0 while Cy ae! 
tends to very large value. Hence the post inversion low frequency 
MOS capacitance can be written from equation (11.7.5) as 
C-*36,F1¥G-? & CL ++ (11.7.10) 
which varies with d.c. gate bias shown in fig. (11.7.1). 
At very high frequencies, on the other hand, the minority 
carriers fail to respond to the incremental 
Î field because their generation recombina- 
Cox tion life time is too large and hence they 
ki PI take longer time to respond, so the depletion 
Csą  Tegion majority charge moves out to 
Rat accommodate the excess a.c, field. Hence, 


we have HUQranl Cam = (Eso [Zamaz) and 
8 


Ca- ARa tending to zero. Using these 


Fig. 11.7.2. Shows the With Qs fixed equation (11.7.5) gives for 
equivalent circuit model Very high frequencies post inversion capa- 
of MOS capacitor. citance as 
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CPeEC,, 1+ Can +++ (11.7.8) 

Considering the above discussions and that there would have 

some amount of bulk resistance the MOS capacitance in depletion 

be represented by fig. (11.7.2) where for high frequency, Csa is to 

be replaced by Csam after inversion and C,, and R, represent 
the frequency dependent surface states. 


11.8 MOS Capacitance under deep depletion 

In the previous article we have seen that the ideal high frequency 
capacitance in post-inversion condition attains a constant value given 
by equation (11.7.8). This is because the minority carriers fail to 
take effective part in quenching the high frequency field changes 
because of their comparatively larger generation times. Alternatively, 
if the generated minority carriers are continuously withdrawn as it 
happens in a reverse biased p-n junction or may happen ina MOS 
capacitor having a poor (leaky) oxide or in the case of application of 
a step voltage bringing the MOS from accumulation to inversion, in 
all these cases minority carriers will not be adequately available for 
responding to the incremental voltage changes ; hence the depletion 
layer width will increase beyond its Xamag value and the capacitance 
is expected to decrease further than the high frequency value given 
by equation (11.7.8). To obtain a quantitative estimate of this pulse 
voltage dependence, we again assume an ideal MOS i.e., Q,, is fixed 
hence C,,=0 while the depletion region is completely depleted of 
mobile carriers. 


Hence 
L (7 gNaxdx _ qNaxa? _ gNabsEo ey 
-| 0 Fok 28,8. 2C,3* (11.8.1) 
and C= Cor t Ca t + (11.8.2) 
whereas from equation (11.6.12) 
gNaEsE0 ‘st 
$s= Vo- Vro = CCa (11.8.3) 


since Q,a= —qNaxa and Csa=(Es£0/Xa) 
From equations (11.8.1) and (11.8.3) eliminating ¢, and re-arranging 
we have 


(Cog /Cgi)? + 2Con/Csa) - TANE ote 0 s+ (11.8.4) 
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Writing equation (11.8.2) in the form 
(CoalCra)~ (Qe) -14a “+ (11.8.5) 
we have from equations (11.8.4) and (11.8.5) 
a= -1+ [1+ (2Con* Vy—VyolgNgtoe.]?=(Cox/C)-1 
Hence £ =[1+(2C.u°Vy—VyoleeogNol? = (11.8.6) 


This capacitance decrease is depicted in fig. (11.8.1). Vy, is normally 
negative, since Q,,, is always positive hence Vy, ~ 0 curve is on the 
left of V7, = 0 curve for p-substrate MOS, 


Fig. 11.8.1. Shows theoretical CCa vrs. subs« 
trate to gate-voltage when surface inversion has 
failed to set in. 


11.9 Surface States and MOS-CV Characteristics 


Surface energy seats at the Si-SiO, interface lying within the 
band gap can steadily capture from or release charges to the adjacent 
substrate. These energy seats are called fast surface states. These 
States are known (c.f. ref. 1) to have Pronounced maximum density 
distribution near the band edges with the minimum at mid-gap in 
silicon. With change of gate Voltage the position of the F.L. with 
respect, to the intrinsic F.L.; hence the mid-gap, at the interface 
changes thus causing a variation of occupational probability of these 
States. This causes trapping and subsequent release of appreciable 
number of free carriers with change of gate-voltage. The origin of 
these states is to some extent due to disruption of the periodicity of 
the silicon lattice and excess Si-ion movement into the oxide leaving 
vacant sites on the Si-surface during oxidation, is seen to increase 
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these fast surface states. The density: of these states can be reduced 
to very low levels by low temperature annealing in inert atmos- 
phere for Al-SiO,-Si system. It has also been found that the fast 
surface state density is greatest on (111) plane and smallest on (100) 
plane of silicon. The states that are near the band centre are res- 
ponsible for surface recombination and act as scattering centres on 
the interface thus reducing the mobility of carriers on the silicon 
surface. In this text the charges in these states have been denoted 
by Quer 

Another type of always positive surface charge exists in the 
insulator within 200 A of the Si-SiO, interface whose per unit area 
value is fixed. The energy states responsible for these charges lie 
close to the conduction band edge and above. They are known to be 
donor-like states and are permanentlyionised. Hence their occupa- 
tional probability is not affected by applied voltage or moderate band 
bending. 


It is found that like, the fast states the fixed charge density 
depends on crystal orientation, largest, on (111) plane and smallest on 
(100) plane, Their magnitude, depends upon temperature aboye 
250°C and on the ambient atmosphere. Though the fast states and. 
fixed states are identical in, their behaviour in some respects. their 
origin are entirely different and they can be. independently controlled 
(c.f. ref. 2), It is known that the last high temperature treatment sets 
the final Q,so level apart from the others while low Q;so levels are 
obtained by growing the gate insulator in dry oxygen at a_ suitable 
temperature and then subjecting the wafer to an inert high tempera- 
ture anneal in dry nitrogen. 


If the MOS structure is an ideal one, then Q,,=Q,,, and there 
are fixed charges only. Additionally, if Vy, the flat band voltage is 
zero, then the high frequency capacitor during depletion will be given 
by equation (11.8.6) as shown in fig. (11.8.1). If Vy, is not zero, 
then the curve will shift parallel to itself by the amount Vy, to the 
left as shown by curve B in this figure, since, in general, Qs is 
positive. 

Assuming that there are no mobile ionic charges in the insulator, 
that shifts with applied gate-voltage, the experimental curve will 
exhibit the contribution due to fast surface states also and would be 
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somewhat like curve C. If Vy, can be ascertained from the experi- 
mental C-V curve and the ideal curve A, then Q,,. can be estimated 


by using the relation V+, —=¢ms— eet. For the determination of 
ow 


detailed nature of surface charges the conductance method and tem- 
perature variation methods discussed in ref. (1) should be used. 


11.10 Effect of back gate bias on Vr 


If the source diffusion to substrate junction is reverse biased, 
for example, the p-type substrate is made negative with respect to 
Source then, even if the gate-voltage is not applied, there will have 
a depletion region on the surface and the generated minority carriers 
in this depletion region will be drained to the source as it occurs in a 
reverse biased p-n junction diode, If one tries to invert the surface 
by applying gate bias under this back biased situation, obviously, an 
extra depletion width has to be created the generation in which will 
compete over the surface annihilation and drainage process. In other 
words, the {depletion region width under this situation is more than 
without substrate source reverse bias. Without this back gate bias, 
so called because the substrate is acting as second gate, a surface 
potential of 2, is necessary for inversion of surface which gives a 
maximum per unit area depletion charge Qam. Assuming one-sided 
abrupt junction and a junction reverse bias voltage V,, the surface 
potential at the drain end of the gate with respect to the source has to 
be raised by the same amount by applying positive gate-voltage to 
overcome the p-n junction voltage drop from source to drain end of 
the gate, This will cause an extra depletion region over that neces- 
sary for inversion without back gate bias. Under this situation, if 
the maximum depletion region charge per unit area is Q,am', then the 
depletion region charge with junction reverse bias is related to the 
charge without back gate bias as 


Q'sam= Quam LC 1267 1+ 1Ve19/2 | del T? «a (11,10.1) 
Hence the threshold voltage for back gate bias reduces to 
V= Vso + 267 £ [28 08,9N( | 2641+ 1V1)]?/Cos _...  (11.10.2) 


Plus and minus signs are applicable for p and n substrates respec- 
tively (cf. equations (11.6.9), (11.6.10) and (11.6.14)) where 
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N=] Na -No |. Note that magnitude of Vr increases for enhance- 
ment mode transistor while it decreases for depletion mode transistor. 


11,11 Effect of Temperature on Current 


The current in a MOS transistor can vary due to two causes. 
Firstly, through variation of mobility (cf. equation 11.2.6) and 
secondly due to variation of Vr (cf. equation 11.2.5 and 11.6.14). To 
speak of the variation of Vp we have from equation (11.5.1) 
Na=n, exp (— fdr) while m,2=NoNy exp (-E,/kT) also the varia- 
tion of band gap with temperature is known to be of the form 
E,=E,.-aT?/(T +) where for Si the values of a= 7'02 x 1074, 
p="1108 and B,,=1°16 (cf. ref.1). The contribution of band gap ` 
variation with temperature turns out to be small, Assuming ms 
as temperature independent, we can write from (11.6.14) after 
differentiation and subsequent substitution 


(6V2/sT) = (o4y/0T)(1+¥ | a (1411) 


while since the variation of exponential term is appreciably large 
compared to NcNy term in ni, 


Ohl) = [72 + 6 | ETET) 
Hence from (11.11.1) with (11.11.2) 

(6V/3T) = re! +r (1+) vs (1111.3) 
For an n-substrate doping of 10*°/cc, a Vr= -4'1 and Vy) = —3 volts 


the value of ¢y = — 0°29 and (5) = +0°0029 V/°C, Experiment shows, 


Vmr varies linearly with temperature over useful temperature range 
having an average temperature coefficient of about this value. 

When we think of the variation of mobility since both the impu- 
rity scattering and lattice scattering decide the variation of mobility, 
we can take u a T” where n is decided by predominance of one scat- 
tering mechanism over the other. The variation of current I, with 
temperature can be written from equation (1 1.2.5) after rearrange- 
ment as 


n 2 Vr 
(s1a/6r) =I E - W,- Vil oT ) « (11.11.4) 
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Since in silicon n is about minus one, for the above-mentioned n-subs- 
trate MOS with a gate-voltage of -91 volts, the temperature co- 
efficient of Iz is negative and 0'22% around room temperature. Note 
that the effect of variation of mobility is far in excess over that due 
to the variation of Vp with temperature in this calculation. 


„11.12 . Standard (111) Process of MOST 
The method utilised in fabricating p-channel enhancement mode 
MOST on the (111) crystal plane as used for bipolar transistor fabri- 
cation is known as the standard (111) MOS process, In this, one 

starts with an n-substrate in (111) orientation, 


Step (i): The slice is lapped, polished, cleaned and washed. 


Step (ii): A layer of oxide of the order of 7500 A is grown over it 
as shown in fig. 11.12, i(a). 


Noy Gy 


©) 


Fig. 11.12.1. Shows the processing steps of standard (111) process 
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Step (iii) : 


Step (iv) 4 


Step (v): 


Step (vi): 


Step (vii) ; 


Step (viii): 


By using a standard photolithographic step with a mask 
the source and drain regions are defined and oxide from 
these locations are etched out as shown in fig. 11.12.1(b). 
The wafer is then placed in diffusion furnace at 1100°C 
for deposition and) diffusion of boron in the exposed 
source drainregions. Continuing this step or using a 
separate oxidation step, one obtains a thick oxide of the 
order of 15000 A over thelwhole of the slice including 
the P-diffused regions as shown in fig. 11.12.1(c). 


By using a standard photolithographic step with another 
suitable mask the source drain and gate openings are 
defined and subsequently etched out when one obtains as 
in fig. 11.12.1(d). Note smaller sized openings in this 
figure. 

After cleaning, the water is placed in oxidation furnace 
and a layer of oxide of the order of 1200 A is grown in 
dry oxygen atmosphere since this step gives the gate 
oxide whose quality is required to be good. After this 
oxidation the wafer is shown in fig, 11.12.1(e). 


This is the third masking step which is a standard photo- 
lithographic step with a suitable mask like the mask used 
in step (iii) aboye but with reduced Openings correspond- 
ing to the mask used in step(y). In this step after 
defining the openings the source and. drain region oxides 
are etched out when one obtains the slice as shown in 
fig. 11.12.1(f). 

In this step Al metallisation is made over the whole slice 
when one obtains the metallised discrete device as shown 
in fig. 11.12.1(g). The metallisation evaporation is 
allowed to impinge at an inclined angle to give breaks as 
shown in this figure. The gate. source and drain metal- 
lisations connect to their bonding pads Tespectively. 


Note that in the standard (111) process described above, only 
three masking, barely two oxidation, one diffusion and one metallisa- 
tion steps were necessary. If instead, MOS circuits were fabricated, 
then one would have started with a p-substrate and the third step 
above would have been a masking step for defining isolation 
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islands where n-diffusion would have been made to realise n-islands, 
and an oxidation would have followed corresponding to the present 
step (ii) discussed above. Again, in the end would have followed 
another masking step for inter-connection pattern etching. Thus, in 
MOS circuit fabrication one needs five masking steps, at least three 
oxidation and two diffusion steps. Thus, we see that at least one 
diffusion and one oxidation step is reduced in MOS circuit fabrica- 
tion than bipolar circuit fabrication cf. Art. 10.6 Step (6). This 
decrease of the number of process steps obviously increases the per- 
centage yield and gives one count in favour of lowcost of MOS 
technology. Secondly, the MOST can be used as a resistor by 
connecting the gate to drain. Such a resistor needs much less 
silicon area than a conventional bipolar resistor. Since a typical 
100 Ohm/sq. sheet resistivity gives for 2'0 mil width 40 mils length a 
resistor of 20 K-Ohms while 40 x 0:2=8 sq. mils can give at least eight 
MOS transistors assuming a fabricational limit of one mil square for 
each while the MOST, as the load resistor, can have an output resis- 
tance easily of the order of 140 K-Ohms or more. Thus a seven times 
larger resistor with eighth area consumption, i.e., an equivalent of a 
factor of at least 56 in cost x performance improvement is obtained 
in MOS circuits on this count in addition to 7 more transistors, that 
is, for more circuit complexity as well. Also this virtually eliminates 
the distributed capacitance of the bipolar resistor. Again, MOS 
transistor has high input impedance greater than 1014 Ohms hence no 
input current is required for fan-outs except for input condenser 
charging currents. Thus we see that MOS technology has higher 
possibility of low cost ICs than bipolar technology. Hence the 
engineering world faces the arsenal to study the possibility of MOS 
transistor as a load of a driver MOST, their linearity of operation 
and switching times. On the other hand, since the Bipolar technology 
is well-developed, one needs to examine the possibility of MOS- 
Bipolar interfacing which may lead to use of better features of both 
the types. Since+5 volts Bipolar ICs are being widely marketed, 
One needs to examine ways of keeping MOS transistor Vy near + 1 volt. 
In this pursuit, low power dissipation and high speed is to be 
necessarily aimed at. Speed, on the other hand, requires parasitic 
capacitance lowering of interconnection lines and lowering of source 
drain and gate drain capacitances, Lowering parasitic capacitance 
Tequires the interconnection lines to run over thicker oxide layers 
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while the substrate needs to be connected to highest voltage of the 
system such that the isolation diodes are Teverse biased always. This 
high voltage should be such that it should be nowhere near that 
producing inversion lines on silicon underneath the interconnection 
lines over thick oxides, Hence we come across a new parameter the 
thick field threshold voltage V; which should have a suitable high 
value. On the other hand, if a MOST is to work in triode mode, one 
has to have another supply to put the gates at a higher voltage Vow 
than the supply voltage Vaa. Hence with safety factors one aims at 
Vaa=3V2, Vog=6Vx and a high (Viz/Vr) ratio. This is done keeping 
in mind that at least + 50% spread can easily occur in the worst cases, 
Additionally, for the lowering of gate-source and drain-source 
capacitances, aligning of the masks in Step v) and step (vii), discussed 
above, are critical. In that, if there is any minute clearance between 
the gate edge to source diffusion or drain diffusion, then the correspon- 
ding capacitance would be small but that there will have a risk of 
formed channel not Connecting either one or both of the source and 
drain diffusions when the channel is formed under the gate with 
Proper bias on it. Hence, alignment of the source-gate and drain- 
gate regions just to the required degree of overlap without unduly 
increasing these capacitances by overdoing is to be aimed at. 
Moreover, in this article, we have started on p-channel MOST 
fabrication, The reason being the Positive surface charges LO) hy 
in the early attempts of fabricating n-channel enhancement mode 
MOST led to failures, giving depletion mode MOST since Q,,, 
induced negative mobile charges producing inversion. While deple- 
tion mode transistor in the zero gate input state entail power dissipa- 
tion hence are not suitable for switching circuit applications as are 
the JFETs. Therefore, it needs to be seen whether surface states can 
be controlled by technological processes to give the Tequired threshold 
voltage for enhancement mode Operation with n-channel FETs, That 
is we need to study the technological inventories to realise their 
impact on the control of the above mentioned parameters as well, 


11.13 Load Driver Pairs 

A MOS transistor can have either a P-channel or an N-channel 
while the load transistor can be used in either saturation mode or in 
triode mode over and above it can be an enhancement mode transis- 
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tor or a depletion mode transistor. Hence one can speak of P- 
channel and N-channel load driver pairs, as shown in the table below 
including a special combination of complementary channel MOS 
transistors both in enhancement mode. The different combinations 
are: 


a —SSSSSSGSSeSESe 


Designation Channel Working mode of load 
PELS P Enhancement mode load in saturation 
PELT p Enhancement mode load in triode 
PDLS P Depletion mode load in saturation 
NELS N Enhancement mode load in saturation 
NELT N Enhancement mode load in triode 
NDLS N Depletion mode load in saturation 
CMOS PandN Enhancement mode triode to saturation 


NY 


Case I: PELS 


Fig. (11.13.1a) shows the load driver pair connection for 
PELS & PELT. The load is in saturation when load gate is switched 
to Band is in triode mode when the load gate is switched to A. 
For. | Vgo-Vr|<| Vaa | the load is in saturation and 
{Voo-Vr1>4 Vae | for load in triode (cf, Fig. 11.2.2). Fig. (11.13,1b) 


Driver 
Vo 
Vin 


Fig. 11.13.1(a). Load driver pair for PELS 
(Switch in position B) and PELT (switch 
in Position A) 
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shows for a voltage Vss= —15V, Vr driver=Vr load= -2V and 
(Bariver/Bioaa)=9 ; the superposed output currents for PELS, drawn 
from left to right for the driver and from Vaa to left for the load. 


DRIVER IN TRIODE 
REGION 


$ LOADIN 
\ TRIODE 
~% REGION 
` 
` 


-13V aN 
LOAD LINE Vda 


Fig, 11.13.1(6). Shows the superposed driver and load 
output curves intersect to give the load line that the 
load transistor is acting like. 


Any voltage Voutput= Vo implies it is the voltage across the driver 
while (Vaa — Vo) is the voltage across the load transistor. This figure 
also shows the non-linear load line for the PELS, the load line starts 
from a voltage Vr away from the origin of load transistor output 
characteristic as needed for the gate connected to drain. It is to be 
noted that in most of the output voltage range the driver is in 
saturation region. 

The theoretical expression for current in the saturated load 
MOST can be written from equation (11.2.5) as 


in= | (Vea ~Vo)= Va] vs (1113.1) 


whereas we have seen that the driver can be in triode or in saturation 
region while always the driver current must be equal to the load 
current. When the driver is in saturation 


[Vin -Val < | Vout | 
br -Vr | =! (Vin - V2)" 11.13.2 
and 3 (Vaa - Vo)- Vr q (Vin -Vr w+ (1113.2) 
while if the driver is in triode region 
| Vin = Ve | > | Vout | s 
19 
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Lt 
and Ba (Vaa~Vo)- Vr | = [Vin = Va)Vo~V.*| r 
(11.13.3) _ 
Normalising with respect to (Vaa — Vx) equations (11.13.2) and 4 
(1.13.3) can be rearranged to give : ia 
for saturation region of driver 


[:- Tavs = (6a/bx) yo os (11.134) 

Vdd 

¥0 

Vo 

Vag~ V1 £ 
[| \ \s 
4764 

Vin — Vt +0 
Vad Vr 


Fig. 11.13.2. Normalised Transfer characteristics for 
1.1) > PELS, for three typical $, values (qualitative) 


: while ier triode region of driver 
[ -eyl = (Be/6x) [2 y v Vaas — Yo) - (vex: S ey) J 


(11.13.5) 


For a given £ ratio the PELS pair transfer characteristics that is nor- 
malised output (Vo/Vas— Vr) corresponding to a normalised input 
(Vin - Va)/(Vaa - Vr) can be calculated and plotted as shown in 


MOS AND MOSFET 291 


Fig. (11.13,2) for three typical g ratios, It is to be noted that 
6r™ (Ba/ B1) the B ratio implies the (width/length) ratio (cf, equation 
11.2.6) of the transistors, Higher is the g ratio higher is the gain, i.e., 
steeper is the slope of the transfer characteristic and lower is the ON 
voltage of the driver. Consequently, the logical zero level is depen- 


Driver in , 
H 

triode + 

H 


Fig. 11.13.3. Shows the superposed driver and 
load output curves for MOS load driver pair 
load in Triode. 


dent on the ș ratio, This is to be expected from Fig. (11.3.14) since 
a higher g ratio will give effectively a higher load resistance. In the 
more or less linear region equation (11.13.4) suggests gain is equal 
to — J/g,. Ifthe substrate of the load is connected to ground, as 
the output increases, the load Vr increases causing the gain to 
increase but the output swing decreases since it is about (Vaq— Vx) 
This can cause deterioration of output load capacitance charging 
speed since load allows lesser current to flow due to increase of Vr. 


Case II : PELT 

Next we consider the case of load transistor always in triode 
i.e, |Vog—-Vr—-Vol>|Vaa- Vol which implies |Vo.—-Vr1> Vaal 
i.e., the load gate is connected to a separate supply whose amount of 
voltage is larger than drain voltage magnitude by more than the 
yalue of V». This situation corresponds to the gate of load transis- 
tor switched to the point A in fig. (11.13.1a) when again for a certain 
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g ratio the superposition of the output characteristics are shown in 
fig. (11.13.3) which shows the effective non-linear load Jine also. It 
is to be noted from fig. (11.13.3) that though the load transistor is in 
triode always held by large gate supply V,, the driver transistor does 
work for both saturation in the upper range of output voltage and 
triode region in the lower ranges of the output voltage. Also note 
that when the input voltage is less than Vy the output voltage is Vaa, 
this is because the load is in triode region held by V,,, hence very 
small gate source voltage is capable of letting the current through 
if Vin tries to increase above Vy. Hence the load line -is non-linear 
and particularly near the end of the transition regions acts as of 
smaller load values. This is because the g»,=$Va/2 decreases and the 
load tends to follow the characteristics. So the gain is lower at 
the beginning and ends of the transition region, 


To find analytical expressions we can write for the load which 
is in triode region always 


ium" [Voo -Vo Va) (Waa - Vo)- (Vaa -Vo)*] = 


-% (Vaa Vo) [Vo= Va) -Vaa Vo) -i (11.13.6) 


with a little rearrangement of terms, equation (11.13. 6) can be 
written as | | 


gituk fe Eana Ves" (tm myo)(t 1%) s+ (11.13.7) 


where m=[Vaa/{2(Vz,—Vr)—Vaat] is the biasing parameter. For 
triode region of operation of fhe load |V,9—Vxr|>|Vaal, when the 
magnitude of (Va Vr) decreases, m increases, becomes equal to 
unity when VVoo- Vr] = | Vaal- 


This is rather the boundary between triode and saturation for the 
load i.e., it is barely in triode. On the other hand, when V,, is very 
Jarge the other limiting value of m is zero. That is for m between 
zero to unity the load is in triode region, For typical value of 
voltages : Vaa=15 volts, V,9=27 volts and Vr=4yolts m~0.5 (cf. 
ef, 3). If the driver is in saturated mode i.e.,|Vin— Vr] <| Vol 


vo Be Naa’ (1= G2) (1 = Yo.) =82 Va- Vat ~- (11.13.8) 
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On the other hand, if the driver is in triode Tegions, 
ie |Vin-Vrl>/Vo| 


vafi -Ye af poese] 
: i ; (1.13.9) 


Equations (11,13.8) and (11.13.9) can be written in normalised form 
as for saturated riot 


10 4 


0°6 
Vo 
Vdd 
5 | o4 


0'2 


(Vin=Yr/ Vag 


Fig. 11.13.4. Shows the transfer characteristics for values of 8,=9, 25 and 
64, bold lines for values of m=0°2, dotted for m= 0'5 and chain’ dot lines 
for m=0'8 in’ PELT. 
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1_¥n)(t- ye) = ms, ( is Vay vs (11.13.10) 


for triode region of driver 
2 
(r-va i -va = mee 2 Ves - (vs) | 
«e. (11.13.11) 


From equations (11.13.10) and (11.13.11) it can be easily seen that 
higher m and or higher g ratio gives higher gain. For m tending to 
unity that is the load to saturated region gain tends to ,/p,. The 
transfer characteristics for different values of m and f, can be drawn 
from these two equations. Fig, (1113.4) shows these transfer 
characteristics for three values of $ ratio and of m. From this figure 
we note that for g, about less than nine, the gain is only of the order 
of two to three ; hence not usable as efficient inverter. 


Normally, the substrate of the load is grounded. This has not 
been considered in the above derivations. The effect of substrate 
grounding will, in general, improve the gains at the transitions since 
as the output voltage approaches the supply voltage, the load Vr 
increases ; hence m effectively increases causing the output swing to 
increase since the load is in triode for the same input voltage appre- 
ciably lesser than V44. This on the other hand, will have adverse 
effect when output condenser charging up is considered since increase 
of Me will decrease load current which is condenser charging current 
partly. 


Case III: PDLT and PDLS 


When a depletion type device operating in the triode region is 
used for the load, one obtains the PDLT inverter while if the load is 
in saturation region of its output characteristics for most of the 
working range we speak of PDLS. The configuration is shown with 
substrates connected to respective sources and their output-charac- 
teristics in fig. (1.13.5). Basically, this is in the triode mode of 
working of the load, having zero value of V, for lower source-drain 
load voltages. For the saturation range of the load, small signal 
gain expression may be used, when the two generators are as shown 
in Fig. (11.13.55), In the present ungrounded load. substrate, 
(the g.6Vr generator, which is due to change of Vr of the load if its 
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TaalTaLgs, 
$ Taat lau 
In a depletion mode transistor when back substrate bias increases, it 
decreases the existing channel strength; hence Vr decreases, In 


such:case, when the output voltage V, increases, back gate bias increa- 


substrate is grounded is zero), the small signal gain is 


Vad=-15V 9,7 
Vp=-2 "dt 
3 | aav) tdd 
Vo 
Vin 
Fig. 11.13.5(a) Fig. 11.13.5(b) 


LOAD OUT PUT CURVE 
FOR Vg=0 IS THE 
LOAD LINE 


o Vdd 


Fig. 11-13.5(c) 
Fig. 11.13.5. (a) Shows the driver load pair for PDLT ; 
(b) Shows the equivalent circuit for linear 
region of operation ; 
(c) Shows the load output curve of V,=0 
which represents the load line to the 
driver output characteristics. 


ses thus decreasing Vx, hence current increases through the depletion 
mode transistor, that is, the effective load value continually decreases 
due to output voltage rise. This straightens up the load line a bit as 
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shown by the dotted line. A value of g,~30 is about the maximum 
(cf. ref. 4 ) for positioning the operation in the triode region which, 
of course, will depend on bias. The, large signal gain depends on fye 
Value of py~20 (cf. ref..4) is enough to give high charging rates for 
output condenser loads, The load condenser charging is expected to 
be better in this case than the previous cases since back substrate 
bias increases Vp in enhancement mode transistors while it decreases — 
in depletion mode thus causing increased charging current. 


Case IV: CMOS Inverter 


In this inverter the two transistors have complementary channels, 
that is, one of N-channel and the other of P-channel. Both are 
enhancement type. They are connected as shown in fig, (1.13.6) 


Vad 


Fig. 11.13.6(5) Fig. 11.13.6(c) 
Fig. 11.13.6 (a) Shows. the complementary MOS pair ; (b) Shows the j 
output characteristics with their triode V,-Vp >}Va and saturation V,=Va 
dotted lines as also the current pulse shape solid line when | Vpl +1Virmll 
<[Vual ; (c): Shows the saturation V,=V,4 dotted lines and current. 

(Solid curve) when |Vin,,|-+1Virpl >| Veal olodi 
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with their output characteristics and load lines, | Fig. 11.13.6(a) 
shows that their gates are connected to each other. "When Vi, is 
zero, the driver is in saturation but the upperitransistor is in triode ; 
thus for output voltage rise the lower transistor presents a high’ resis- 
tance load to the upper one while when Vini is Vaa the lower transis- 
tor is, in triode’ while the upper one isin saturation,’ Thus, when 
output voltage falls, the upper transistor increasingly ‘presents a 
higher load to the lower driver. While the opposite is the case on 
output rise. This shows that the roll of the load and driver can be 
interchanged. Obviously, the best gain and fastest transition would be 
be obtained when Vig= |Vra| +|Vrplsince if this threshold voltage 
sum is greater than Vamthen for the middle output range both would 
be in triode region and the behaviour would be like PELT in low out- 
put range except for a doubling of gain for identical transistors 
because of double transistor drive. These overlapped saturation lines: 
are shown in fig. 11.13,6(c) ; larger this overlap greater is the current) 
pulse size and duration in ‘the transistor. For correct supply voltage 
when, one transistor, enters in saturation, the other enters in triode 
and vice versa, hence transfer linearity is preserved, For identical 
transistors with correct voltages larger current generator with satura- 
ted load resistance is presented for transition increasing the gain by a 
factor, may be more than twice larger, over the PELS while power 
dissipation in transition reduces enormously. 

The transfer characteristics for the different load driver pairs 


02 04 06 08 10 


Vin 
Fig. 1113.7 Shows the fractional logic output swing vrs. 


fractional logic input swing for different driver load pairs 
vo) for B/=25. ! 
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are compared in Fig. (11.13.7) for normalised output swing which 
shows that PDLT and CMOS have comparable gains while PELT has 
lower and PELS has still lower gain. Proper matched CMOS gain 
will be independent of g, ; hence, it is called ratio less inverter. It is 
costly since fabrication of identical Vp complementary channel on 
same substrate requires well controlled: MOS technology or other 
costly technology to be discussed later. 


Rise time consideration 


For an understanding of the operation of the load driver pairs 
in switching application, we consider here only one part of the 
switching phase, that is, in the rise of the output voltage. For 
simplicity avoiding rigor, we assume that the driver transistor is 
off instantaneously with the application of step drive input Vin. This 
is only to get a feel of the parameters involved in charging ‘a con- 
denser which is: connected to the output terminal, the condenser, on 
the other hand, represents the subsequent MOS loads. 


For representing the load transistor either for saturation or for 
triode region, an expression similar to current of equation (11.13.7) 
will be used as 


in=I(t -mye) Von) Caie (11.13.12) 


where for saturation region of load Lcf, equation (11.13.1) ] 
I=fr(Vaa-Vr)?/2; m=1 and Vp=Vza-Vr the maximum 
swing and for triode region of load 
j lni rece a 
T= (61 Vaa*/2m) ; m= Van = Va) = Var 284 Va~ Vaa. 


It is to be noted that, V, infinitely large implies m=0 and 
that ; with T=Vaa/Ro=Vm/Ro where R, is a constant resistance, 
the constant resistance load case is obtained from equation (11.13.12). 


With the assumptions mentioned above all the current supplied 
by the load goes to charge the load condenser up ; hence 


I(1- mY, /Vm)(1 = Vo/Vm) = CdVo/dt (11.13.13) 


dividing both sides by Vm and using V,,/I=R, (which is as if the 
short circuit resistance of the load from. its maximum voltage at 
output level to ground), we have on transposing 


i 


ee 
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dt dy 
T (=mi) «=. (11.13.14) 


where substitution of vo =(Vo/Ym) and T=CR has been made. On 
integration between f=0- to t we have from (11.13.14) after re- 
arrangement 


Ve = [l - exp- (1 -m)tJTI/[ m exp (1 -m)t/T] 
(11.13.15) 
equation (11.13.15) i. plotted as a function of (t/T) in Fig. (11,13.8) 


Fig, 1113.8. Idealised case condenser load charging logic 
rise times for resistive m=0 load through triode to satura- 
$ tion m=1. 


with m as a parameter, This figure shows that even in ideal case of 
the driver current stopped to zero instantaneously by drive (say), the 
output rise time is large compared to the case of m=0 or initial 
resistance presented by the load at the time of switching the input 
voltage down. Also that, this time is longer as m tends to unity 
corresponding to the load in saturation. This is obviously to be 
expected since saturation mode implies larger load resistance than 
load in triode mode and that the saturated load limits charging 
current supply. 


Detailed computer modelling of transient performance of driver 
load pairs by Carr and Mize leads them to conclude (cf. ref. 4). 
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That the load in ratio type pair has a reduced gm because of its 
lesser 8 ; hence slower in charging the output condenser. The PELT 
load being in triode is fastest of the ratio types in condenser charging 
phase. . PELS is slower since the load is in saturation and saturation 
resistance is larger than triode resistance. 

On the other hand, PELT and PELS fall times are much faster 
than their rise times since the driver goes deep in triode in both 
cases while PELS load output resistance being large allows condenser 
discharge faster. The PDLT and CMOS inverters with proper 
selection of gm and Vn, ië., for proper design can give nearly equal 
rise and fall times while PDLT can approach CMOS which is fastest 
in charging speeds. These results do not include the effects of 
improved technology that will be discussed in subsequent articles. 
The CMOS is expected to be highest in Speed with improved techno- 
logy while PDLT can approach\CMOS. N-channel MOS is expected 
to be faster because of higher electron mobilities but this is expected 
to increase current due to the same reason. So, speed may be 
increased but at the expense of power with N-channel MOS. 


Another important feature is the power dissipation ; PELT, 
PELS have power dissipation in the mW range independent of clock- 
ing speed while ratio less driver load pair will have power dissipation 
in the nW range for very low clocking rate but being proportional to 
clocking rate approaches and becomes about one mW around 1 MHz 
and 10 mW at 10 MHz. While the normal RTL and TTL is constant 
around 10 mW upto about 50 MHz, the former being higher and the 
latter lower in this range. ECL, on the other hand, remains about 
Constant upto about few tens of MHz around 20—30 mW. For 
further details the reader is referred to the original publication of the 
above-mentioned authors) 


11.14. MOS. Technology 


t In this article. we consider the different technological methods 
and their impact on the control of MOS threshold voltage, gate source 
and gate drain capacitances ; hence device speeds. 


Firstly, to get an idea of these parameters as obtainable with 
the standard (111) process, that is discussed in article (11.12), we 
start with the achievable physical and dimensional parameters with 
standard bipolar technology at room temperature: T= 300°K. The 
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value of @mox for Al-Si0, system was stated to be 3°2 volts ‘and 
Øsox = 3°25 for Si-SiO, system in article (11.6) using an N-substrate 
of doping level of 2:°9x 10'*/cc.. We have from. equation (11.5.1) 
Ø= —0:29 yolts with n,=2:5x102°/cc and &T/g=0:025 : volts. 
Assume an oxide thickness of t=1000°A its dielectric constant 4, 
when we have Cye=3'54x 1078 F/em*. A surface charge of value 
Qss=44x 10*1.g/cm? is typical in (111). orientation. of silicon 
(q being the electronic charge=1°6 x 10-*° coulomb). 
From equation (11.6.2), we have Øus= 3°2 —(3°25+ 0°55 —0'29) ' 

= =0'31 volt, From equation (11.6.13) Vy,= —0°31—(+ 2)= -23 
volts. While Qsam= [4,8,gNa|G7|] = 2°22 x 107° coul/em?, hence 
Vr= —2°3 = 0:58 — 0°627= —3°507 ~ -3'51V. Assuming a thick 
oxide layer of 15000°A, ‘thick field oxide “C,,=0°236 x 1078/cm? ; 
Vyp= — 0°31 -30= -30:31V and 


Vis = — 30°31 — 0°58 — 9°405 = - 40°3V, 


Hence, including tolerance‘on Q;, and production tolerance totalling 
as much as +25% the standard (111) process Vr ranges from 
-2'5 to -—4°4 volts and Vy 30—50 volts. Hence, power supply 
requirement for N-channel MOS/LSI fabricated by standard (111) 
process (cf, art, 11,12) are about Vga=12 volts and V9= 22 volts. 
The higher value of Vr is coming from high Vy, that is from 
(Qss/Cox), 

Next, consider another crystal orientation, i.e., (100) plane to 
lower Vy. On this orientation, the yalue of Q,, is lower than in (111) 
plane by about a factor of 6, 

When Vy, = —0°31-0'33= = 0°64, while = Vn == 0°64-0'58 
~0°627 = —1°85, For thick oxide region Vy,= —0°31-5°0. = —5°3V, 
Vis = — 5'3- 0°58 -9°405= - 15:29 with +25%,tolerance, Vr=1°4 to 
23V, Viy =11 to 19V, while-supply voltage requirement is Vaz = - 6V, 
Vo = — 12Y. 

The advantages’are that the low threshold voltage is suitable. 
Also; lower power dissipation possibility is there because of lower 
supply voltage Vaa: ‘While, if the thick field Vy was a little higher, 
it would have been better to avoid V,, voltage fluctuations not cross- 
ing the Vy limits.: Moreover, the ‘mobility on the: (100) ‘plane is 
lower by about a factor of 0°80 which means, to keep the circuit speed 
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to the same. level requires lowering the channel length to about 90% 
(cf, equation 11.2.10). 

Another approach to lower Vy, in an effort to find bipolar 
compatibility is increasing Cos. Silicon nitride (Si,N,) has higher 
relative permittivity of 7*5 as opposed to 4 of SiO,. Hence on (111) 
plane of silicon on top of about 200°A SiO, (which thus preserves 
the Q,, value to the same 4-4 x 10*7g/cm*), an 800°A Si, N, is grown 
then, effectively a dielectric constant of 6'8 results for the same total 
oxide) thickness, which thus results in increase of Cy» by a factor of 
about 1:7, Chemical vapour deposition techniques are well developed 
where reaction between silane and ammonia produce uniform nitride 
films| of good quality accoding to Si H, (gas)+4N H, (gas)>Si,N, 
+ 12H, (gas). The reaction temperature ranges between 800—900°C. 

Direct growth of nitride on silicon gives carrier trapping at the 
semiconductor insulator surface that causes shift of Vr with gate 
bias, Hence, a layer of SiO, of the order of 200°A is used first, 
which decreases)this effect. This is known:as the ‘Nitride Process’. 

In this Vy, = 0°31 -<1:2= -1:51V, Vn =— 1°51 —0°58— 0°37 

= =2°46 V, Vh = —031-24— — 24°31 (since from 1-141, 

i C Cı C3 

“y= about 5results), Vp = — 24°31 = 0°58 -7:52 = — 3241. 

“Hence the spread of values of 

Vr-1'9-3V, Viz - 25-40, Vaa= — 7°5V, V= — 15V 

In this technology, we see high V;y and possibility of interfacing with 
bipolar, high (111) surface mobility, high £, : hence high Zm are all 
obtained but since number of process steps is increased the yield 
decreases ; hence.cost increase is evident, 


Another technology ‘known’ ás the ‘Polysilicon Gate Process’ 
resulted from the effort of controlling V, by changing Gyox. In this, 
instead of Al-metallisation, polycrystalline silicon is deposited on 
the silicon-dioxide and then P-doping is made for the source drain 
regions after defining, exposing and etching these regions when simul- 
taneously -the polysilicon gets doped heavily with P-type impurity 
giving very good conductivity with sheet resistances less than 100 
ohm per square. This has two facets of control... Firstly, the Ømox of 
heavy doped polysilicon with respect to SiO, is about 4:2. . Thus 
Vr is directly affected by about plus one volt since Gug becomes now 


—— N 
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+0°7 volt, Thus Vs becomes -2°52 volts while V,y= —39°3 volts 
when range of Vr becomes —1:9 to —3:1, while V;y ranges from 
-29 to -50V, Vag=-7°5 volts and V,,=—-15 volts. These 
are quite satisfactory from the point of view of the interfacing 
possibility with low power dissipation, The second great advan- 
tage of this process is that doping of the source drain is being 
done after etching) out windows through polysilicon and the under- 
lying SiO,, This is possible because of polysilicon’s refractory pro- 
perties. Al would be evaporated when exposed to temperatures re- 
quired for doping (i.e., of the order and above 1000—1250°C). While 
polycrystalline silicon would stand this temperature safely as a mask 
additionally, this doped polysilicon can be used as the gate 
metal, 


The direct consequence of this source drain diffusion is that the 
polysilicon works’as the mask where overlap of source drain regions 
with the gate edge on silicon surface is self controlled and gives a 
smaller overlap, The gate source overlap being limited to lateral 
diffusion and gives overlap of the order of 1*7 microns. Reduction 
of overlap capacitance improves the circuit speed by about 50% over 
that would have otherwise resulted in a separate aligning step (this 
step was critical too). Moreover, it becomes easy to incorporate 
double layer interconnection by oxidising polysilicon over the por- 
tions where interconnection lines aro laid and dividing this oxide in 
two! portions as the source and the drain sides. Since the number of 
process)steps decreases the economy improves even if this process is 
more involved, 


Another important method is positive ion implantation within 
the crystal lattice by using an ion accelerator with its focussing and 
scanning systems. In,this method ionised dopant atoms are acceler- 
ated by voltages of the order of 50—200 kv and allowed to impinge 
on the crystal surface, The ions enter the lattice, the depth of pene- 
tration being dependent on the accelerating potential. The bombard- 
ment of the crystal with ions causes surface damages which can be 
cured by proper temperature annealing in the range of 400—500°C for 
about 30—40 minutes. The doping profile by ion implantation can be 
well-controlled by varying the accelerating potential and the beam 


current. 
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The distribution of implanted ions‘on silicon) surface region is 
approximately Gaussian and is given by £ vi 


mga l-al) | 


N()= 


where R, is called the projected Tange, so called because this is not 
necessarily the penetration depth for normal‘incidence on the suzface, 
the straggle 6R», on the other‘hand, is a measure of the spread of the 


distribution and’the dose is: D= |" N(x) dx. The concentration dis- ~ 


tribution depends on the temperature of the silicon substrate as also — 


on the atomic mass ratio of substrate atom and implanted atom, 


i 
a 


Greater this ratio is less is (5R,/R,) the relative straggle. From 


this it is evident that the range and straggle for ions like boron, 
phosphorus or Arsenic will be largely dependent. on accelerating 
potential (cf. tef, 4) as also crystal orientation, Nevertheless, when 
proper alignment hasbeen made, the above. distribution can be: 
obtained for random implants., Hence, one can’ choose the acceler 
ating potential such, that the ions can penetrate through oxide thick-) 
ness of the order of 1000°—1500°A and can get implanted in under- 
lying silicon substrate. but fails to. penetrate thick oxide regions. or 
thin film metallic layers more than.a few hundred angstorms: ob-) 
tained by. yacuum evaporation, Moreoyer, the ion beam current can 
be monitored from which. the. total number, D/cm? :can. be accu-. 
tately calculated. Thus, after growth of the thin oxide, the surface 
doping under the thin oxide regions can be done to the required 
level to even within 1% and after Placing the metal gate on the 


thin oxide source drain doping can be obtained. Thus surface Vr 


control alongwith perfect alignment is obtained. with -ion implan- 
tation technique. 3 


Assuming that the straggle through oxide implant “is within’ 
0:15 micron of the silicon’ surface for boron ions and a particular 
accelerating potential, an ion beam with a current density of 2°4 nA 
for ten seconds can implant 1°5 x 10+22 atoms/cm*.. Assuming’ uni- 
form doping this. would give 10° atoms/cc concentration around the 
surface region of silicon. This would convert the silicon surface to 
P-type with a dopant concentration of 7°5 x 10**/cc. This would give 
a Ø= +031. volts; Pus =3-2— (3°25 + 0:55+ 0°31) =32= 4-11 = 
=091V, V= -091 -(+2)= -291V a 
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while Qram = 'x/[48o8sqNa®y] = 3°97 x 10-8 coul/cm3, 
Vi = Vyp + 2By +1122 = — 2°91 + 0°62 4 1°122= - 1°16 V. 


For the same thick oxide layer thus, Vy, = —0°91-30= -30°91V, 
Viz = — 30°91 + 0°62 + 16°83 = — 13°46, Vr =0°8-1°5, Vag= -4V 
Viz = 10-17, Vy= -7V 


The above example clearly shows that by proper choice of ion beam 
current or implant time the threshold voltage can be controlled and 
instead of an enhancement mode device, one can obtain a depletion 
mode device as well. That is Vr can be made positive by increasing 
the implant dose, (The student can repeat the computation for an 
implant current 9°6 nA for 30 secs), 


Apart from the alignment accuracy and threshold control, ion 
implantation gives the possibility of fabricating N- and P-MOS simul- 
taneously on the same substrate. That is complementary MOS tran- 
sistor having matched Vr is obtainable with ion implantation, En- 
hancement mode driver depletion mode load inverter having required 
Vx values can be obtained on the same chip. Thus, TTL/MOS inter- 
facing with low power dissipation, and high speed capability inverters 
can be obtained with implantation technology. The disadvantage is 
the high initial cost of the sophisticated ion seen for batch fab- 
rication of devices. 

Another important technology needs to be mentioned in this 
connection is the silicon on saphire (SOS) technology. In this epi- 
taxial growth of silicon on spinel structure particularly saphire is 
obtained by pyrolysis of silane. This gives single crystalline silicon 
of 1 or 2 microns on a few miles thick saphire substrate, Saphire is 
an insulator, its thermal expansion coefficient in certain orientations 
match that of silicon and favours epi-layer growth of silicon, This 
epitaxial layer can be utilised for fabrication of N- or P-MOS or 
both by standard techniques or by ion implantation, Thus either 
CMOS or PDLT inverters can be obtained. 

The basic reason for using insulator as the substrate is that 
the ultimate speed of devices and circuits are almost always deter- 
mined by the stray capacitances from the active regions to the 
snbstrate. In bipolar technology the isolation islands and active 
regions are coupled through reverse biased junction capacitances to 
ground. In MOS on silicon substrate the interconnection lines 
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are mutually coupled through capacitances between themselves as 
also through individual capacitances of these lines to substrate 
which, therefore, is chosen of high resistivity to minimise the last 
coupling factor. It is this coupling factor which is enormously 
teduced if saphire substrate is used which thus reduces the source 
to drain capacitance that reduces speed due to miller effect capaci- 
tance of source and drain to substrate as also the distributed 
capacitances with interconnection lines through substrate are 
enormously reduced; thus, the speed capability of SOS-MOST 
circuits increases and hence with SOS-CMOS the speed power 
product that is (switching time x power) product lowers. 


Lastly, the P-substrate N-channel devices were left out in our 
discussions so far. The reason was that Q,, charge is always posi- 
tive hence gives an inverted channel; so, a depletion mode transis- 
tor always resulted while we have seen in (100) plane the value of 
Q,, is comparatively lower. Hence, the question arises whether in 
(100) plane with the sophisticated technology described above, it 
may be possible to have enhancement mode transistor. To examine 
these, we firstly determine the threshold voltage Vp for the (100) 
plane for the same oxide thickness and doping level but of a P-type 
substrate ; hence Ø= + 0.29 when we have 
Os = 3°2 — (3°25 +0°55 + 0°29)= —0°89V and Vy, = — 0°89— (+ 0°33)= 
—122V hence Vp = —1°22+ 0°58 + 0°627= —0°013V. That Vr is small 
and negative implies even on (100) plane fabricated MOS a small 
negative voltage has to be applied for current to be zero ; hence, a 
depletion mode transistor has resulted ; backgate biasing of this 
MOST can give enhancement mode of operation easily. 


If, instead of Al-gate, polysilicon gate is used, what would be 
the result? Remembering that Ømox of polysilicon gate with SiO, 
is 4°2, we have Oug=4'2—(3'25+0'55+0°29)=O0°11V, when Vy,= 
+0°11-(+0°33)=-0°22V and hence Vp= —0°22+0°58 + 0°627= 
+0°99V. 


Hence it is quite possible to have N-channel enhancement mode 
transistor with appropriately low Vy of the order of a volt by using 
sophisticated technology. But the next question arises what about 
the speed of these devices? The mobility of electrons is twice the 
mobility of holes, so a device of this sort is expected to have double 
the switching speed and frequency performance should be better. In 
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practice, however, N-channel MOS did not show a doubling of speed, 
one’'possible reason may be partly due to lower mobility on the (100) 
plane compared to the (111) planes. Increased electron carrier mobi- 
lity, on the other hand, increases the current whence power dissipa- 
tion by a factor oftwo. Thus the speed power product increased to 
twice that of P-channel devices. Of course, these will give better 
high frequency performance. Is it then worth having enhancement 
mode devices using the sophisticated technology mentioned above ? 


Depletion mode transistor as a load has obvious advantages, 

(1) that there is no need for separate gate voltage supply Vy ; 

(2) hence the circuit is simpler also it has zero gate voltage 
always ; 

(3) compared to the enhancement mode, the load transistor can 
have lesser conductivity ; therefore, for bringing the output 
more near Vaa in the output 1 state, since as soon as the 
driver source drain voltage V4, exceeds Vr it goes in saturation 
and becomes a constant current generator ; 

(4) so the driver needs small channel width W henee has smaller 
capacitances rsulting “in higher speed with the possibility of 
increased packing density ; 

(5) additionally, the depletion mode load is effectively a constant 
current generator for most of the voltage range of swing 
for example, in the output rising phase upto 10 -YVr| < | Val 
hence it provides the same charging current to the load 
capacitance even when the voltage across the load transistor is 
small, this increases the switching speed since almost all of the 
voltage range is swept with large current ; 

(6) the requirement of lesser conductivity points to the usability 
of P-channel. load while a greater packing density with 
increased switching speed gives two to ten times smaller speed 
power product. Typically, the value comes down to 10 PJ. 


When discussing about speed it is worth mentioning, a few 
typical structures and techniques that have evolved to increase the 
switching speed. It has been noted (cf. equation 11.2.10) that the 
speed or frequency performance of a MOST improves with decrease 
of chaanel length. The attempt to decrease this length resulted in 
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the D-MOS and V-MOS technologies. In D-MOS technology (the 
‘D’ stands for double diffused) successively two diffusions are made 
through the same mask opening (cf. fig. 11.14.1). The first diffusion 
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Fig, 11.14.1. Shows the double diffused 

MOS. P and N+ diffusions are success- 

ively made through the same source 

opening to obtain the channel length L 
small. 


Produces a P-type region around the source. Before the second 
diffusion, the drain diffusion window is also opend and N* source 
and drain diffusions are made when one obtains the channel length 
L determined by the successive P and N+ diffusion boundaries. The 
Test of the region between source and drain under the gate oxide 
acts only as drift space having N-type high conductivity. This is 
because the substrate is either lightly doped N or P. Hence the 
Presence of positive surface charges Q,, creates and N-channel in 
this wider region even without bias. The bias that is needed to 
invert the channel region (L) augments the channel strength in the 
rest of the region. Hence the charge relaxation time in this region i 
becomes short enough to exhibit the length L as the effective channel _ 
length. Normally the P-region doping is at least one order of 
magnitude higher than that of the substrate hence of the wider 
region. This in turn, makes the source drain breakdown voltage 


high. With this type of MOS, speed power product of the order 
of 0°25 PJ is attainable. 


The V-MOS, on the other hand, derives its name from the 
V-shaped anisotropic etch cut on the (100) plane leaving the V-edges 
on the (111) plane. Firstly, one starts with (100) plane of an N* 
substrate, grows an one micron epitaxial P region followed by one 
micon P- region and then an N+ region, N+ regions are diffused 
locally into the surface to form the drains of the transistors, A 
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V-shaped groove is etched into the silicon surface down through the 
top N+ and P layers such that the’ V edge enters the N* substrate 
below as shown in fig, (11.14.2). Gate oxide is grown on the 


SOURCE 


COMMON SOURCE 


Fig. 11.14.2 Shows V-MOST cross section. The (111) plane 

specifies the groove. SiO, grown on (111) planes within’ the 

groove, on which gate metal is deposited, \Channel length L 
and channel half width are shown, 


V-groove walls and gate metal is deposited on it. The N+ substrate 
forms the common source, hence this gives extended. source surface 
area over V-apex. The channel length L is obtained along the V 
body in the P region. The p- region being inverted due to the 
presence of positive surface charge Oia This region reduces the 
drain source capacitance and increases the punch through voltage 
by extending the depletion region from drain to source. The channel 
width is comparatively large because it encircles the V-groove, Hence 
with smaller V-opening larger channel width; hence current is 
obtained, ‘Thus, speed power product of the order of 3 pJ results. 
Note "that the gains for V-MOS transistor having short channel 
lengths and working in the velocity saturation region is very good 
becauge of higher g,, obtained due'to higher W, the channel width. 
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Problems 


1. Calculate and plot the intrinsic carrier concentration in Si at 


4, 
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MOS Integrated Circuits: by W.M.° Penney & L. Lau, (Van 
Nostrand Reinhold Company) 1972. Gor 


reciprocal of temperatures 3°36 x 107°, 3:07 x 107°, 2°75 x 107° 
2-45x10-* and 2°15%10-* per °K in log-linear scale. Hence 
calculate the corresponding Debye lengths in Si and plot in 
similar scale. 

Calculate and check the surface depletion region width xa 
assuming the surface as intrinsic for bulk doping levels of 1014, ` 
10**, 10*° and 10*” in Si as 18, 0°6, 0'2 and 0:07 microns, 
Compare these with the maximum depletion widths possible pa 
2°05, 0°85, 0°3 and 0'1. 
Calculate the maximum surface depletion region charge densi 
and compare it with the surface depletion region charge de 
when the surface is intrinsic for the doping levels of problem 2 
above in Si. Note that these are given by (Qsa/q) per cm? as 
for maximum 2°5, 8'5, 30 and 100 and for intrinsic surface 1°7 
6. 20 and 70 multiplied by 101° respectively. Plot in log, 
scale. din j 
Plot in linear-log scale the vatiation of Ey in eV and p in volts — 
for P-doped and N-doped semiconductors at 300°K for doping 
levels 1011, 102°, 1015 and 1027, Note that the ¢rvalues are 
approximately +0:05, +0-17, +029, +041 volts respectively 
for P-doped and negative but have the same values for N-doped 
material. 


Find the metal semiconductor work function difference ¢ms as 
a function of doping concentration in Si substrate for Aluminium — 
gate material. Assume gyox= 3°02 and dsox = 3°25 eV. Note — 
that for P-type substrate the values of éus corresponding to the — 
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doping levels of problems (4) above are — 0:64, — 0°76, -0'89 
and —1°015 respectively ; hence plot for the N-type substrate. 

6. Find the values of Vr for Al-gate P-substrate MOSFET having 
toz=1000°A at 300°K assuming the (Q,,/q)=5x 107+ and 10** 
per cm? for doping levels 10+#, 10+®, 10+" and 10+" respec- 
tively. 

7. Calcultate the thick-field threshold voltage t.,=12000°A for the 
same values of Qss and doping levels of problem (6) above. 

8. Repeat the calculations of problems (6) and (7) above for 
N-substrate and justify the results, 

9. N-channel depletion MOSFETs areinormally made on a ‘high 
resistivity substrate to minimise back gate bias effect. How can 
you fabricate an N-channel depletion mode transistor having 
a Vr widely controllable by substrate to source reverse bias ? 
Find some numerical values to substantiate your arguments. 


Chapter 12 
TRANSIT TIME DEVICES 


The most important transit time device is Impatt. Impatt 
refers to Impact Ionisation Avalanche Transit Time devices. In 
these devices reverse bias field induced impact produces avalanche 
ionisation in the junction of a diode, When it is mounted in a MW 
cavity the a.c. voltage produces increased avalanche produced 
carriers at the positive half cycle, This causes a large number of 
carrier production over half a cycle. These carriers then propagate 
. through the medium and reach the electrode after a certain transit 
time. By then the phase of the voltage across the diode changes and 
if this phase change is of the order of 180° the peak fundamental 
current is collected around peak negative voltage across the device. 
That is to the terminal voltage the device presents a negative 
resistance, If the device is mounted in a suitable MW circuit, the 
terminal MW voltage can be made self-sustaining, 

Such negative resistance arising from transit time in semi- 
conductor diodes was first proposed by Shockley (ref. 1). In 1958 
Read (ref. 2) dealt with a high frequency semiconductor diode in 
which he considered a reverse biased diode of the form P*-N-I-Nt or 
N*-P-I-P. In these structures he considered a very narrow avalanche 
region that was followed by a high resistance region for the drift of 
avalanche produced carriers. This drift region provided the required 
transit time for the generated carriers, 

The physics of the Read diode operation can be summarised 
_ with reference to fig. (12.0.1). If this diode is reverse biased to 
breakdown and an a.c. voltage is added to the d.c. voltage, the peak 
field at the P-N-junction increases resulting in avalanche multipli- 
cation to increase during the positive half of the R.F. cycle, Later, 
in the cycle the decrease of the terminal voltage causes the excess 
multiplication to stop. The carriers generated by this process 
Separate under the influence of the high field, with the holes moving 
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into the P+ region while the electrons drifting with saturated velocity 
through the'I-region. The drifting electron current induces in the 
external circuit the constant current shown in fig, 12.0.1(e). From 
figs. 12.0.1 (c and e) it is clear that the diode exhibits a negative 
conductance in parallel with a capacitance .at its terminals and that 
an electron transit time half of the period of the a.c, voltage wave- 


Voltage. A.C.—> 


(d) 


PARTICLE 
CURRENT 
> -> 


EXTERNAL 
CURRENT 


Fig. 12.0.1 Shows (a) the Read diode, (b) the field in it, (c) the voltage 
variation across the diode, (d) the particle current pulse in relation to 
the AC voltage across the diode, and (e) the external circuit current. 

[ Ref. 5, Copyright : John Wiley & Sons INC 1972 ] 
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form is expected to give the largest negative conductance. For this 
Situation, it will, be shown that the drift region transit angle 
oT =29=2 and the particle current lags the avalanching voltage by ~ 
z|2 (cf. equation (12.3.15). E 

Later it was found by many workers (ref. 3, 5) that PN 4 
junctions of any doping profile can exhibit this type of negative © 
resistance. Further it was found that such negative resistance is also 
possible for forward biased diodes (ref. 10), where the carriers are 
injected over the junction barrier that later are collected after a 
certain transit space. Thus from barrier injection transit time effect 
these diodes were called Barrit diodes. In this Chapter, the Impatt 
diodes and the related transit time diodes, their principle © 
operation starting from a short discussion of the avalanche proce 
their large signal behaviour and efficiency will be discussed. Final 
mounting of the diode in MW circuits and the operation principle” 
therein and noise performance will be discussed. 


12.1 Avalanche Region : 


The word avalanche is very much meaningful though normally” 
we fail to recognise the meaning that is due. It isa quick multipli 
cation of carriers started by, may be, one carrier that produced more 
carriers by collision ionisation at high field. When large number of 
carriers are thus produced the presence of the one that started the 
process may be ignored. That is, many carriers are produced out of, 4 
as if none. These carriers are produced by collision ionisation ol 
atoms with carriers drifting and gaining energy from the field. The 
ionisation produced carriers are in turn accelerated by the same field. 
Thus they gain energy from this field to join the earlier produced 
ones. This brings in the multiplying effect. 


The ionisation rate can be defined as the number of hole 
electron pairs generated per unit distance by an electron or a hol a 
Hence the ionisation is expected to be field dependent as also on the” 
Particle type through its mass. Thus the hole and electron ionisation 
Tates of a certain material have in general unequal values. From 
photomultiplication measurement of various workers, the ionisation 
coefficient an for electron and ap for holes versus electric field for 
different materials have been determined (cf. ref. 3). It is seen that 
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for limited field ranges around a field E, the ionisation coefficient « 
can be expressed as 
a=ao(E/E,)” 


where ag and mare constants, a, depending on the critical field E, 
while m varies’ between 3 to 9. -A typical value’ for Si is 6, A better 
expression for the ionisation rate that’ fits over a wider field range is 


a= A exp (-0/E)" ee (12:1.1) 
where in case of electrons in silicon at 300°K 
A=38x 10° per cm., b=1'75 x 10° V/cm, and n=1. 


Continuing with our discussion on the avalanche process, a 
very large number of carriets are produced by avalanche multiplica- 
tion, This must have been started by at least one carrier. The 
minimum requirement for the avalanche to occur, therefore is that, 
at least one carrier pair must have been produced per collision, Since 
ionisation causes carrier pair production, thus for a certain high 
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Fig. 12.1,1(a &b)- Shows the doping profiles, space-charge regions, field and 
the extent of the avalanche regions respectively for Read and P-I-N diodes, 
"[ Ref. 3, Se M, Sze. Copyright : John Wiley & Sons INC 1969 ] 


316 SEMICONDUCTOR DEVICES _ 


field region we must have the minimum requirement for the avalanche 
to occur is 


fadx=1 vs (121.2 


This means that for a reverse biased junction of any type (either © 
a P-N, P*-N-I-N* or even for a met-sem., junction),when the doping — 
profile is given there will have a certain minimum extension of the 4 
avalanche region as required to satisfy equation (12.1.2) since the f 
breakdown field of a certain material is constant (cf. art. 4.17). A 
rigorous derivation of this equation is given in (ref. 3). The exten- 
sion of the avalanche region for a few typical doping distributions 
are shown from (ref. 3) in fig. (12.1.1). ' 

It is to be noted that (1) the avalanche will start at. the maxi- 
mum field and extend between zero to x,. (2) In the Read diode the 
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Fig. 12.1.1. (c & d) shows similar quantities for P+-N-N+ diode and 
P+-P-N-N+ diode [ Ref. 3, Copyright : John Wiley & Sons INC 1969] 


avalanche region has the Smallest extension and is negligible com- 
pared to the total drifting space, the I-region, while in P-I-N diode 
the whole drift space is avalanche region. (3) The avalanche break- 
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down voltage depends on the detailed doping distribution, the material 
and the length of the drift region. Note also the length of the drift 
region in the diodes is of the order of 3 microns, If the carriers move 
through this space with saturated drift velocity, the transit time delay 
would be about 3x 10-11 sécs, double: this time corresponds to 
16 GHz. ‘Later, :we shall see that rigorous calculation gives a factor 
two less delay \of the carriers. 

The diode is biased such that it is in the reverse breakdown 
region of the characteristic when the field in the drift space is well 
above the saturation field of the material. Normally, the doping and 
dimensions are tailored such that with no applied bias the drift region 
mobile carriers are. swept out and this en is totally space charge 
region. 


12.2. Avalanche Region Equations 

In order to analytically study the carrier flow characteristics 
through the avalanche region we need to formulate the equations that 
are applicable for the avalanche region. For simplicity choose one 
dimensional model. The applied field causes the holes and electrons 
to travel in opposite directions so the space charge cannot be ignored ; 
hence the Poisson’s equation, 


Pori (N-NP -n) «e (12.2.1) 


The current equations, ~ 
Joes @E-Dat e (12.2.2) 
and i 
yo soitis 
Ta= ungnE + Dag: me 
The avalanche generation at any location, 
‘g= [an(E) lIn] + av(p)! 1») 1/4 =» (12.2.3) 
The continuity equations, 
dp gogo wt (12.2.4) 


and 
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where R is the Shockley-Read thermal generation and recombination 
term (cf. Problem 24, Chapter 2). 


12.3.. The Read Diode: 

In this section, we discuss the small’ signal theory of the Read 
diode which forms the basis for understanding more complex struc- 
tures. Fig. (12.1.1a) shows the Read diode model. This diode can 
be regarded as consisting of threé regions, the avalanche, region ex- 
tending from O to x, followed by a drift region, the I-layer where the 
d.c, field remains above that needed for velocity saturation, The 
drift region ends in the high conductivity N* substrate. 

We assume the avalanche region boundaries with the exit satura- 
tion currents that are responsible for Starting the avalanche as shown 
in fig. (12.3.1). It is assumed that from x=0 to the right the elec- 
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Fig. 12.3.1. Shows the different currents at start and end of 
multiplication, also-the two Tegions separately. 


tron particle current increases while the hole particle current increases 
from x=~x, to the left due to avalanche. ‘The reverse saturation gen- 
aration currents J,, and Ja, shown at the,boundaries are some total 
generation of the whole region *=0 to x=x,. More accurately, 
these are little less because the avalanche Zone is smaller in size than 
the total depletion region. 

To make the avalanche region properties tractable analytically a 
few simplifications to the equations of article (12.2) can be made and 
these are : 

(1) carrier diffusion is ignored. Though this has no justifica- 
tion except that the carrier yelocity at such high fields are always 
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saturated but that does not rule out diffusion entirely, but this, sim- 
plifies the analysis. (3) Equal ionisation rates a=an=a, for holes 
and electrons are assumed. (3). Both hole and electron carrier velo- 
cities are assumed saturated and equal to v, (4) Lastly, the thermal 
generation recombination term R is ignored. With these simplifica- 
tions, we have instead the following equations as can be understood 
with reference to fig. (12.3.1) for the sign conventions. 

Jo=9p Ve 3 Sn= Qn v, oe (12.3.1) 

and J=J,+J, 

From equations (12.2.4) and equation (12.3.1) with R=0 and 
dn=ap=a 


5 (Aol dt) = - (aSo/dx) + a3 ANA 2,3,2) 


1 (Ba) (dIpldx) + aJ 


The Poisson’s saat becomes 
269 Em g(Na-Na)+ o= Indy 2) 02.3.3) 


When we have from Tope (12.3. # 


% La AUG -=J,)= Sa q Jot Jn) s+ (12.3.4) 
which with equation (12.3.3) gives 
Al eepe + Jp+ Jn)= =0, 


as is expected since for an area A the total current 
I= A(eeoge+ Jat 1) should not have a gradient. 
Adding equations in (12.3.2) and integrating for the extension 
of the avalanche regions with the avalanche region transit time 
Ta = (Xa/Ys), we have 
1.4} ~[t,-Jn) pafi adx (123.5) 


Remembering that the potential on reverse bias is continuously 
increasing from left to right at the boundary at x=0 the current 
Ja- In)= (2ps — J) where Jy, is the reverse bias thermal generation 
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hole current going out on the left. Similarly, at x=x.; (Jy-Jy). 


=J-—2J,, where J,, is the thermal generation electron current 
entering (particles going out) at x=x,. With these boundary values 
equation (12.3.8) reduces to 


ae Aa rE ege ee (ae 


where J,=J,.+J,,, Which is small compared to the avalanche 
produced total conduction current J. Hence equation (12.3.6) can 
be written as 


adx- 1) siou 
0 


Moreover, the particle current that is going out of the right- 
hand boundary of the avalanche region is electron current since 
the holes travelling to the left, reaching the P-doped region where 
they are majority carriers hence have comparatively very short transit 
times. Hence J-J,+J,(t) where J, is the avalanche produced d.c- 
bias current and J,(t) is the time dependent part of a.c. electron 
particle current that enters the drift region (cf. 12.3.1) at xq. 


Ignoring space charge hence field gradient in the avalanche 
i i da) . 
region, we write a around the d.c. value ao as a=ao + (Fh), B, 


where E, is the incremental avalanche region field and is equal to 
(v,/xq) with v, as the incremental voltage across the avalanche region. 
To a first order of approximation from equation (12.3.7) the 
electron particle current entering the drift region can be written 
as* 


le Bae Viag’ z ae (12.3.8) 


a 


where ao -( ine aes, dx)x,, since under avalanche condition 


“It is to be noted that the d.c. arising out of the nonlinearities 
that are ignored in framing equation 12.3.8 above must surely cancel out. 
Taking the next higher order terms (2 J, v, a,)/Ta and (23, a,"v,2)/xa. Ta 


RAT ee 
where a'S f o (Pald’E)a, dx, the rectified d.c. from these two terms cancels 


Out because the second derivative of a is'negative as discussed under large signal 
effects (cf. art. 12.6) while a,’ is signal amplitude v, dependent, 
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i ao dx=1. It is to be'nöted-that the avalanche region width x, 


decreases with increased field hence increased current but for small 
signal we speak of an average width x,. 


For the drift region on the other hand we assume that at the 
positive peaks of the a.c. cycle across the, diode the drift region 
field remains low enough not to cause any ionisation in this region 
while at ‘the negative peak it remains high enough not to let the 
carrier velocity drop below saturation velocity v,. Secondly, in 
calculating the terminal current, we need to remember that the 
electron particle current that enters the drift region is a current 
distributed in space and time. Hence to find the total current we 
consider i 


t- -Ainin g aE ; vs, (12.349) 


Integrating this over the drift region that extends from, say, x=0 
to x= L we have, 


. 68, AV! : 
T=A(I.4 9° Fr vs) 0(12;3.10) 


where i -E dx=V and h= -[f* I dx (12.3.1) 


Note x =0-to x= Lsfor drift region’s calculations in. fig. (12.3.1). 
That is, the block of electron charge gives a conduction current 
J, to which the capacitive current needs to be added to give the 
total current which remains of constant value so long the particles 
are on transit through the drift space.* 


In the drift region the particle yelocity is constant, Hence 
the particle current for a certain charge element at time ¢.and position 


“This can also be viewed in terms of induced charges. As a lump of 
charged particles approaches the electrode more field lines get terminated on 
it, Taking the simple caso of plane parallel clectrodes by Gauss’ theorem 
the charge element 3g must be accounted for by a field difference as (B,~E,) 
where E, and E, are the fields on either side on the charge element. While 
for the voltage drop across the electrode V=E,x+E,(L—x). This can be 
written as) sV=LIB,—3gx/eeo and- hence (ee, dV/d1)/L+(v 8g) =(3B,/51). 
Thus. we see that the induced current on the electrode (8B,/sf) is the sum of the 
capacitive current and the conduction particle current. 


21 
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x is the same as it was at x=0 at a time (x/v,) earlier. Diffusion 
being neglected as mentioned earlier. . That is 


I(x, Y= In, Fay) =In (= 2) =In(ts) ves (123.12) 
hence equation (12.3.11) can be written with T =(L/v,) as 
z= ja Ja (ti) dt,)/T ai (12.3.13) 


Assuming that the electron particle current entering the drift region 
at x=0 is of the form J, exp (jut), we have from equation (12.3.13) 
the conduction current £ 
r exp j(ot-6) ++ (12,3,14) 
where 9 is half of the transit angle »T. This shows that the conduc- 
tion current phase delay instead of being wT is reduced and 
as if it due to half of the drift time. Thus we can consider the 
total drifting charge to be located at the centre of the distributed 
charge. 

Using Jx(¢)=J, exp (jot) and v, =Va exp (jwt) in equation 
(12.3.8) we have 


h-i, 


Jı = [bV exp (- j.n/2)) s+ (12.3.15) 
where b=(2), ao')/o Ta s+ (12.3.16) 


Thus we see that the: particle current lags the avalanche region 
voltage by n/2. : 


Equation (12.3.14) with equation (12.3.15) gives 


Joao" i ë. r 
Leor TO exp—j (0 1/2) exp (jot) © © (12.3.17) 


That is the conduction current’ delay over the avalanche region 
voltage is due‘toithe sum of the’ particle current phase delay of n/2 
and transit time delay of 9= wT/2. 

Now We are poised for an overview of the whole situation. 
Starting with the avalanche region, the total current out of the 
avalanche Tegion, with C, as the capacitance of this region is obtained 
on using J, = = jbV, from equation (12.3.15), as 

J= -jb Vat jo Ca Va/A se (12.3.18) 
Hence (33/3) = 11 -wf s+ (12.3.19) 
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where wr*=(@bA/C,) = obo’ = 1 s+ (12,3.20) 
awa rva 


That is the avalanche region acts an inductor L,=(T,/2J,Aqao’) 
which with the capacitor C, of this region forms an antiresonant 
circuit. The conduction current flowing through the avalanche 
region is the inductor current while the total current is the external 
current of this antiresonant circuit. The antiresonant frequency 
being given by equation (12.3.20). 


For the drift region on the other hand the total current 
can be written with drift region capacitance Ca and using equation 
(12.3.14) as 


J=J,+ joCaValA=(, sin exp 70) + jø CaValA = (12.3.21) 


which gives the voltage Va across the drift region in terms of (J,/J) 
which, in turn, is given by equation (12.3.19). Similarly, the 
avalanche region voltage can be obtained from equation (12.3.15) 
with equation (12.3.19)). Thus, the diode admittance can be obtained 
which on simplification gives for Y= AJ/(Va+ Va) as : 

Ca (1 - w*/or*) 


NABE E SE sin 9 (exp —j0)/0] 


(12.3.22) 


Noting that in separating the real and imaginary parts, the common 
denominator will be a sum of the square of two terms, We take the 
numerators of the real and imaginary parts of Y from this equation 
when. we have for ; 

Nu(G) = —2[(w*/wr*)- 1] Ca sin*o/T + (12.3.23) 


and 


pie = jo Call - w/a") [1- -otlar )( + Ca/Ca) - sin 20/20] 
vee (12.3. 24) 


From equation (12:3.23) we note that (i) for all kalisa of transit time 
delay negative conductance is presented by the diode only above the 
resonant frequency or, (ii) for the same diode that is constant transit 
time or 209r=wrT, the turning points of the numerator of the conduc- 
tance occur at 

tan o= (0° =0°)/0 - (12.3.25) 
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Negative resistance occurs only for œw greater than wp that is 9 
being positive greater than 6,.; hence for negative value of tan 9. The 
first branch of negative value of tan 9 starts at »/2 where it decreases 
very {rapidly with 9 hence a maximum of negative conductance is 
obtained just ahead of the twice transit angle of-29=aT=2 as shown 
in fig, (12.3.2), Further ahead of this transit angle at wT = 2n that is 
at 0 =n, equation (12.3,23) shows that the conductance becomes zero. 
26<% to 2m is about the first negative conductance branch that is 


Fig. 12.3 2, Shows the variations of conductance (G) ‘and susceptance 
: (B) versus the transit angle 0. 


useful for practical purposes. It can be easily seen from equation 

(12.3.23) that for œ very much greater than wp the magnitude of the 

mogative conductance decreases being inversely proportional to w° 

and that for infinitely large’ transit angle that is large œ equation 

(12.3.22) shows that the admittance tends to be capacitive only. Itis 

to be remembered that in the above discussion the bulk substrate 

resistance has been ignored which is to be considered in series with” 
the parallel combination of diode conductance and susceptance. 


Before we discuss about the detailed nature of the suscep- 
tance Variation it is worth considering the phasor diagrams of the 
different current voltages before and after the antiresonant frequency 
wr. Starting with the avalanche region voltage V, as reference 
from’ equation (12.3.15) we see that J, (the particle current entering 
the drift space) lags V, by x/2° This is depicted in figs. (12.3.3a) 
and (12.3.3b) for below and above ùr Tespectively. From equation 
(12.3.14) we have J, the drift region conduction current lags J, by 
9 as also is reduced by the factor (sin 9/9). From equation 
(12,3;19) the total current is either in-phase or of opposite phase 
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before and after the antiresonant frequence w, respectively to J,. 
Not only this, since we are considering around antiresonance, 5 
is smaller than J,. Using equation (12.3.21) we can find the drift 
region capacitive current (j » Cz Vq/A). Note that in both cases this 


(b) co oor 


Fig. 12.3.3, Shows the phasor relations between the different currents and 
voltages in a Read diode above and below w. 


is in the first quadrant. Va is then drawn lagging this current by 
n/2 and so the total applied voltage V=Va+ Va is drawn as shown. 
Note that in both cases V is in the fourth quadrant. While for 
w > wy only the angle between y and J is greater than x/2. That 
is negative resistance is obtained only for the frequencies greater than 
the antiresonant frequency. The series bulk substrate resistance 
would give a voltage drop in phase with J. In either case this will 
bring the total voltage including the resistance drop more towards J. 
For frequencies above antiresonance, the negative conductance will 
decrease since the total voltage tends more towards perpendicular to J. 


The variation of the susceptance Bon the other hand can te 
understood with the help of equation (12.3.24). For w very much 
less than wp from equation (12.3.22) it can be seen to be capacitive 
and decreasing with increase of m. For w a little lower than wp 
the susceptance is inductive as seen from equation (12.3.24) so long 


[Hig +i) 54 


and remains inductive till at w=wp it is again zero and remains 
capacitive thereafter as shown in fig, (12.3.2). From the above 
discussions it is apparant that (i) for most of the useful range of 
négative conductance the susceptance is capacitive (ii) that for a 
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certain current hence a certain a, (c.f. equation ,12.3.20) one zero 
of susceptance occurs at a frequency -a little lower than w, and the 
ther at wp In the literature (cf. ref. 3) these two frequencies in — 
theoretical Read has not been separately described. Since experi- 
mentally it is difficult to construct a negligibly narrow N-region f 
hence a practical Read is described as one in which the ratio of 
N-region length to the sum of the (N) and drift (I) region lengths is — 
(1/10). For this practical Read these two frequencies are distin- } 
guishable (cf, ref. 3), Nevertheless, for the practical Read G versus 

B curves for different currents are presented in fig. (12.3.4) from 
(ref. 3) for the purpose of comparison. It would be seen from 


=0°002 
-0°006 -0'004 -0002 o 0'002 0004 


G (mhos) 


Fig. 12.3.4. Shows the B versus G relation for a practical Read diode 
L Ref. 3, Gummel and Scharfetter John Wiley and Sons INC 1969) 


this figure that in general the zero conductance and zero suscep- 
tance frequencies are different. Hence, we define two frequencies, 
namely, the resonant frequency f, is the frequency at which the 
Susceptance B changes from inductive to capacitive and the cut-off 
frequency f, is the minimum frequency at which the conductance 
G changes from Positive to negative value. . Obviously, it is clear 
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that both of these frequencies refer to the avalanche region anti- 
resonant frequency w, that we have come across in the theoretical 
Read. Hence its proportionality to /I, should be bourne in mind 
—cf, equation (12.3.20). It is to be noted that the diode negative 
Q can be defined as Q=(B/G)= —wCR since it is a parallel cir- 
cuit, Also that its minimum occurs at about the transit time fre- 
quency where wT=x. This frequency is the optimum for build up 
of oscillations since this depends on the factor exp (-ot/Q) and Q 
here is negative and minimum that is required for faster growth 
of oscillations. 


12.4 Different Impatt Structures 


The analysis of the different Impatt structures shown in 
fig. (12.1.1) are more complex than the ideal Read structure discussed 
in the earlier article, In them the avalanche region is not short enough 
to enable one to ignore ‘the additional delay due to the avalanche 
region transist time. That is neither the avalanche region space 
charge nor the transit delay of carriers through this space charge can 
be ignored. For such diodes, therefore, the pertinent equations (cf. 
Art. 12.2) lead to a set of nonlinear equations. The solutions of 
these are obtained by computer calculations (cf. ref, 3). From the 
results of such calculations a few general conclusions can be 
made :— 462 fe P i 

(1) Under proper biasing conditions junction diodes of various 
doping profiles can give rise to incremental negative conductance. 

(2) The general nature of the admittance plot as shown for an 
N+-N-P*+ diode in fig, (12.4.1) is not very much different from that 
of the Read diode, shown in fig. (12.3.4) except for the absolute 
values, $ 

(3) Both the cut-off frequency fa and the resonant frequency f, 
are in general different but both are proportional to the square root 
óf the direct current as in the Read diode. 

(4) At a certain current density both of these frequencies 
decrease with the increase of the avalanche region width. 

(5) Fora given total depletion region width as the avalanche 
region width increases, the negative conductance frequency band 
increases but the negative conductance value decreases. In the limi- 
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ting case, when the entire drift Space is the avalanche region 
(cf. fig. 12.1.1 P-I-N dióde), the cut-off frequency becomes zero, 
That'is’ the negative conductance is obtained from very low frequency © 
‘upwards, 


2388838 
SUSCEPTANCE 
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CONDUCTANCE 


Fig. 12.4.1. ‘Shows tho B Versus G curves for an N&N-Pt 
diode [ Ref. 4, Scharfetter and Gummel, Copyright 
b ©1969 IEEE TRANS ED 16; No. 1] 


(),,Anarrow depletion width Obviously then gives a lower Q — 
and since. the transit time. through the diode) decides ‘the. operating 
frequency. narrow. total depletion width is required’, for high, fre- 
quency diodes, 


12.5 “Read diode efficiency 


For efficient operation of a Read diode, as the carriers move 
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the drift region. A large current pulse requires a large-a:c.. voltage 
to give the required large ionisation produced avalanche current. A 
large a.c. voltage amplitude across the diode, on the other hand, 
reduces the diode voltage during the later part of the transit of 
the charge in the negative cycle. For a square wave external 
circuit current pulse the external circuit develops. the fundamental 
sinusoidal voltage. It may be surmised, therefore, that as a com- 
promise, the maximum a.c. voltage amplitude that can possibly be 
developed across the external circuit is about half of the ayerage drift 
region voltage drop Va as shown in fig. (12.1). While the maximum 
external circuit square shape current pulse swing can be from J, the 
reverse saturation current to (J,+2J,) where J, is the avalanche 
produced time independent d.c. current (cf. fig. 12.1). Under these 
conditions the d.c. power input can be written as 


Pin = (Vat Va)Js +Jo) (12.5.1) 


where V, is the average avalanche region voltage and J, is the reverse 
bias saturation current. ( 


While the a.c. power output is given/by 
Pout = (43 o/n J 2)(Val2 V2) + (12.5.2) 


Hence the efficiency 


=e (Pout! Pin) a (1/7). (Va/Va+ Va) Uolls + To) 
we (12.5.3) 


Note that the power contribution’ from’ the avalanche region 
has been ignored. This is) because at the operating frequency the 
avalanche region behaves as capacitance to the external current 
(cf. fig. 12, 3, 3b) and hence do. not contribute. to the fundamental 
R.M.S. power, i 

Equation (12.5.3) shows that Read diode efficiency would be 
largest if Va and J, are very much large compared to Va and J, 
respectively when the ideal efficiency is 30%. For a practical Read 
diode computer results give for. semiconductors like Ge and GaAs 
with nearly equal ionisation rates of holes and electrons (Va/Va)=1/3 
hence an ideal efficiency of 23%. While for silicon holes and 
electrons have unequal ionisation rates that give (Va/Va)=1 and has 


anfideal efficiency of 15%. 
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12.6 Large signal Considerations 

‘A number of authors have given large signal analysis of 
Impatt oscillators but the most accurate and complete one is again 
a computer solution. ` Fig. (12.6.1) shows (ref. 4) the time evolution 
of the electric field and hole and electron densities at 1/4 cycle intervals 
as a function of position in a Read (P*N-I-N) diode analysed by 
Scharfetter and Gummel. With it a phase plot of terminal current 
voltage is also shown. From fig. (12.6.1) it is to be noted that 
(a) the electrons and hole generation begins when the terminal voltage 
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Fig. 12.6.1. Shows the time evolution of the electric field, hole and. electron 
densities at 4 cycle intervals Ref. 4 [by Gummel and Scharfetter by 
Permission, Copyright © IEEE TRANS ED 16, 1969} 


is around the maximum (b) a quarter of a cycle later the charge 
pulses are fully formed and drift into the respective directions, 
the holes disappear quickly from the active region to the left while 
electrons to the right entering the drift space. (c) The electrons 
drift through the drift space for about half a cycle as particle current 
during the negative excursion of the terminal voltage. (d) In the next 
quarter of a cycle the terminal R.F, Voltage is positive and increasing 
When the last bit of electron charge is delivered to the anode. The 
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diode remains reverse biased always while the displacement current 
is large and positive occurring during the first and last quarter cycles. 
The computer calculations indicate that;under large signal conditions 
the variation of electric field and space. charges: are of Jarge 
magnitude bringing with it nonlinearities that give rise to self-limiting 
of the avalanche process, Otherwise, increased avalanche in the 
positive half cycle would have given increased residual current at 
each cycle that would have lead to unlimited d.c. current, increase 
as the oscillations grow to large amplitudes, A few other effects, 
such as, lowering of the field disproportionately in the diode body at 
different times during the transit of the charge pulse is to be noted 
from the above figure. These non-linearities are due to the space 
charges and have profound effect on the carrier transit time ; .hence, 
efficiency through its dispersal due to diffusion leading to different 
external current pules shape. For example, (i) the space charge 
field reduces the total field ‘and may turn off the avalanche 
prematurely and thus can reduce the phase delay provided by the 
avalanche. This, in turn, reduces the negative conductance of the 
diode. (ii) When the drifting carriers are in transit the space charge 
depresses the field to the left of the carrier pulse. Thus the carrier 
drift velocity may drop below the saturation velocity when some of 
the carriers (cf. fig. 12.6.1c) may be very slowly moving since they 
are in the low field region (trapped). This does sufficiently change the 
terminal current waveform so that the power generated at the transit 
time frequency range is reduced. ‘ 


In the estimation of efficiency we have seen that an increase 
of the reverse saturation current I, would decrease the efficiency. 
The reverse saturation current can increase due to (i) the avalanche 
region is very narrow and the generated carrier concentration is high, 
Hence, there will have a large carrier density gradient giving rise to 
large diffusion current in both directions of the carrier packet. Of 
the carriers that have gone due to diffusion in the opposite direction 
some may come back later in the cycle due to the field to add to the 
tail of the main current. This current would, therefore, behave as a 
lossy reverse saturation current. This may even go as far as to 
reduce the phase delay in the next oscillation cycle thus decreasing 
the efficiency. (ii) Some experiments have shown that poor injection 
efficiency of acontact can inject minority carriers in heavily doped 
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region causing an increase of saturation current leading to: decrease 
of efficiency, 


The non-linearity in field versus ionisation rate may directly 
Cause efficiency reduction. Such 'as in very narrow diodes the field 
required for avalanche breakdown may be very high. While for very 
high field (da/dB) decreases,” Thus less current modulation is 
obtained for a given R.F: voltage'and the efficiency is reduced. 


The above discussion shows that increased R.F. voltage in 
general is expected not to give Proportional increase of R.F, terminal 
current maximum. Obviously, then negative conductance will 
decrease with increased R.F. swing. This is shown in fig. (12.4.1) 
from computational results of Gummel and Sharfetter. Note that 
in general the diode susceptance increases with increase of R.F. 
voltage swing. 


On the other hand, under large signal conditions at the point 
of maximum efficiency the diode negative conductance becomes very 
small. Hence any extrinsic series resistance that was so far ignored 
in the previous discussions will haye appreciable effect on efficiency, 
Such excess series resistance may arise due to causes like (i) unswept 
epitaxial or I-layer (cf, ref. 6), that may remain due to. faulty biasing 
or design (ii) the skin effect causes non-uniform current distribution 
in the Substrate thus effective substrate. resistance is increased causing 
a decrease of efficiency with increase of frequency. 


Moreover, there is inherent large signal power output limitation 
as related to the frequency and diode teactance due to the following 
reasons, Large power output implies large power input from which 
it has to be derived. But maximum power input is limited by the 
breakdown voltage hence the breakdown field and the diode length, 
while the maximum current that can be passed through the diode 
depends on the Saturation velocity and the diode cross-sectional 
area, The maximum diode breakdown voltage is obtained when 
the avalanche ionisation caused breakdown field E, in obtained 
throughout the diode length. 


That is V,,=B,.L = (12.6.1) 
while 1,=qny,A «+ (12.6.2) 
But, since the current would be space-charge- limited the maximum 
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number. of charge carries that can takes part in the process is limited 
by the Poisson’s equation 


aE (EJL) = (gniee0) oe (012.63) 


Combining equations (12.6.1) to (12.6.3) we have for the maximum 
power that can possibly be imparted to the mobile carriers is 


P=Voalm = SE Eo? Ye A a: (12.6.4) 
Remembering that the diode reactance is given by 

X=(1/2n fC) =(L/2n fee,A) ts (1216.5) 
and that the transit time frequency f is given by wT = z that is 

f= (v,/2L) s (12.6.6) 
we have from equation (12.6.4) with (12.6.5) and (12.6.6) 

P.X=(E,? v?/47 f°) gie (12.6.7) 


(b) ang 


Fig. 12.7.1. (a) shows the field before the earriers are 
produced and after, when field lowering occurs, on the 
left of the space charge with consequent rise of field 
onthe right at two different instants of time. (b) shows 
the diode voltage and current at these instants. 
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For large signals the susceptance is large compared to the conduc- 
tance ; hence the total admittance or the impedance is limited by 
the reactance. In all high frequency high power semiconductor 
devices we would like to keep the circuit losses to low value hence 
the impedance has to be limited to a minimum value. In such cases 
we see from equation (12.6.7) that the maximum power that can be 
imparted to the carriers decreases as Teciprocal of the square of 
the operating frequency and that the P.X.f* product is limited by the 
semiconductor parameters. At present in the’ 40—150 GHz range 
the Impatt diodes are usuable for waveguide communication systems 
and as pump sources for parametric amplifiers.. Diodes, with both 
type of carriers used to drift through respective drift spaces on either 
side of the avalanche region, called double drift Impatts have been 
realised. With these CW powers as high as 380 mW at 92 GHz at 
12°5% efficiency has been realised while at 150 MHz 150\mW output 
power has beeh obtained. 


12.7 Trapatt mode 


This is the acronym of. Trapped Plasma Avalanche Transit 
Time mode. Under large signal-operation of the Impatt oscillator 
it was noted that the avalanche produced carriers while drifting 
through the drift space may be slowed down due to the field reduc- 
tion caused by their presence. This’ is the so-called Trapped 
Plasma effect and is shown in Fig. (12.7.14). Though this effect 
decreases the efficiency of the oscillator for the transit time fre- 
quencies, for lower frequency of operation this effect of field 
suppression can be utilised to give high-efficiency. It is possible 
in high Q Impatt circuits to rapidly drive the diode to a voltage 
well in excess of that required for avalanche multiplication, This 
is because the multiplication process is not instantaneous, Because 
of the excess voltage (even 100% over breakdown) the multiplica- 
tion greatly exceeds that for the Impatt mode. The large amount 
of carriers produced by-the excess field causes the field in the 
maximum field region of the diode to collapse. This local increas- 
ed conductivity causes more voltage drop in the rest of the drift 
region which, in turn, causes the avalanche to spread little more in 
the direction of the drifting carriers, This spreading of avalanche 
with field suppression on the left of it and field increase on the 
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right continues, ultimately leaving the diode filled with plasma and 
with a very small voltage drop across the diode. If the terminal 
current is maintained the plasma is removed from the diode after 
a certain recovery time at the end of which the diode voltage 
returns to its breakdown bias value and the current returns to its 
low bias value. The field profile carrier densities and the terminal 
current, voltage are shown in fig. (12.7.1) at a specific time as 
marked in the figure. The time required to remove the plasma 
depends on the density of the plasma and the magnitude of the 
recovery current which, in turn, is circuit controllable. However, 
a recovery time of 5—10 times the transit time of carriers moving 
at the saturated drift velocity is typical. 

A simple circuit for realising the Trapatt mode of operation 
consists of a transmission line with the diode mounted at one end 
and a low pass filter at the other end as shown in fig. (12.7.2), 
The low pass filter is placed approximately quarter wavelength away 
from the diode. This Presents a short circuit to all the harmonics 
of the Trapatt oscillation frequency. On the load side of the 
L.P.F, some tuning is required to match the diode impedance to 
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© Fig. 12.7.2. Shows the Schematic Trapatt Circuit. 


the load impedance. The inductance (L,) and shunt capacitance 
(C,) are ‘the series lead inductance and shunt capacitance of the 
diode, The capacitance may also include any additional capaci- 
tance due to Impatt tuners or distributed Capacitance near the diode. 

Fig. 12.7.3 shows the diode conduction current and voltage 
waveforms, Note that the diode voltage rapidly drops to a value near 
zero volts. This negative going voltage. pulse propagates down the 


336 SEMICONDUCTOR DEVICES 


line to the short ‘circuit provided by the low pass filter, ‘The short 
circuit gives minus. one reflection ‘coefficient and causes a voltage 
pulse to be reflected back towards the diode, This positive voltage 
pulse adds to the diode bias voltage producing a momentary applied 
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Fig. 12.7.3. Shows (a) the diode conduction current (b) the diode 
\ in Trapatt mode. 


pulse of twice the breakdown, Voltage. This pulse then produces an 
avalanche shock front in“the diode. The field in the diode hence the 
Voltage across the diode collapses and the diode remains filled with 
the plasma, until the recovery Current source has removed this charge. 
The diode again tries to oscillate in the Impatt mode. With 
proper tuning the ‘Impatt frequency grows to initiate the process, 
When the Impatt oscillation amplitude has grown enough it 
charges the depletion layer capacitance to a voltage about twice the 
breakdown voltage. This, in turn, initiates the travelling avalanche 
zone which drops the voltage to almost zero, The particle current. is 
very high during the low voltage state. After the plasma has been 
removed from the’ diode the current drops to low average value and 
the voltage ‘returns to the breakdown value, The operation of the 
diode ‘is’ as if Impatt frequency is pulse operating “at the Trapatt 
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frequency. Since the voltage is low when the current is high and 
vice versa the computed efficiency is high about 60% for silicon diodes 
and 50% for Ge diodes, A typical MW circuit is shown in fig,(12. 7.4). 
_ The above discussion shows that changing the line length L in 
. a fig. (12.7.4) is necessary to change the Trapatt frequency but that there 
F has to be a tuner for the Impatt frequency so that the diode finds a 
tesonator for a harmonic while the length L is again an odd multiple 
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Fig. 12.7.4. Shows the TRAPATT oscillator circuit at MW frequencies, 


of quater wavelength long for the Trapatt frequency when the reflec- 
ted Trapatt harmonic voltage pulse may sustain itself to initiate at 
each Trapatt cycle. Normally Trapatt mode is not self-sustaining 
and it must be triggered for each cycle by a preceding Impatt oscilla- 
tion, Thus we see that the recovery current is expected to have some 
control over the frequency as well since, if by a period of the Trapatt 
cycle, the diode has not recovered to its biased state the voltage will 
not be as effective in producing a fresh shock front as is necessary, 
q Pulsed power at KW level at 1-2 GHz has been obtained with Trapatt 
. oscillators. They find application in phased array Radar system 
where the MW beam is electronically scanned by controlling the exci- 
tation phase of each element of the array. 


12.8 Impatt Mounting and Testing 

The diode is mounted in a MW circuit and connected to a load 
through a matching network. An experimental schematic circuit for 
testing high efficiency Impatt oscillators is shown in fig, (12.8. 1a).: In 
this circuit the diode mounted cavity can be either a co-axial mount 
as shown in fig. (12.8.1b) or a reduced height waveguide as shown in 
fig. (12.8.1c),. The reduced height-guide is used to match the diode 
negative resistance (which is small) to the load. Sometimes the 
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matching function is accomplished with a raised cosine taper to 
reduced height-guide as shown in fig. (12.8.1d). In this case note that 
the diode is resonated with a sliding short.. The d.c. bias is fed to 
the diode through a bias T which presents a short circuit looking 
back to the bias supply. To remove heat from the device, the device 
Gis always inserted through a massive heat sink. In the above test 
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Fig, 12,8.1(a). Shows the schematic Impatt test circuit. 
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Fig. 12.8.1(b), Shows the diode mounted in a co-axial cavity. 
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Fig. 12.8.1(c). Shows the reduced height wave guide with mounted diode. 
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Fig. 12.8.1(d), Shows the Raised Cosine Taper Guide. Copyright © 1966 IEBE 
Trans ED-13 B.C. De Loch Jr. and R.L. Johnston by permission, Ref. 7. 
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circuit only about 10% MW power goes through the coupler to the 
Spectrum analyser and rest to the detector. Suitable attenuators are 
incorporated to Prevent over loading the power measuring detector 
and the filter is used to eliminate spurious signals far from the oscil- 
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Fig. 12.8.1(e). Shows the com nonly used co-axial mounted varactor 
tuned Impatt oscillator circuit. 


Ala 
TRANSFORMER 


lation frequency. The wave-guide cavity possesses a higher Q factor 
than a co-axial system. This leads toa greater stability and lower 
FM noise in wave-guide circuits. Frequency modulation can be per- 
formed by modulating the bias current or by electronically varying 
the circuit susceptance using a reverse biased varactor diode in the 
cavity as shown in fig. ((2.8.1e). Higher Q limits the ability to elec- 
tronically tune for frequency modulation of the oscillator, The FM 
noise arises from jitter from cycle to cycle. The large amplitude R.F. 
voltage results in the creation of negative resistance in the diode over 
a much wider frequency spectrum. This requires a careful design of 
the out-of-band circuit characteristics, particularly in the bias connec- 
tion. Proper tuning of the harmonic components of the waveform 
has a significant effect on oscillator efficiency. The co-axial circuit is 
more useful because it is relatively easy to model for analytical studies, 
Fig. (12.8.2) shows a circuit designed for single frequency operation. 
The equivalent circuit is also shown in the inset. The diode is 
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mounted at the end of a co-axial transmission line which is termina- 
ted at the other end by a matched load. A low impedance matching 
section 4/4 long is inserted adjacent to the diode. The co-axial line 
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Fig. 12.8.2. Shows a co-axial wave guide circuit with its equivalent 
Circuit [ Ref. 9, used by F.M. Magalhaes and K. Kurokawa J]; 


is series loaded with a high Q wave-guide cavity at a distance L from 
the diode as shown in the figure, In this circuit the sliding short is 
adjusted to optimise coupling from the co-axial line to the wave-guide 
cavity. The coupling between the cavity and the waye-guide system 
is adjusted by rotation of the cayity at the swival joint. 


12.9 Noise 


Impatt diodes working depends on avalanche ionisation pro- 
cess and on the transit time hence the noise-generating mechanisms 
are significant. The oscillator FM noise measure as given by Josen- 
haus (cf; ref. 5, 8) for small signal case as 


y M- g [Lm] eT, E 2.9.1) 
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where Q,,; the external circuit Q, B the measurement band width, 
frm the measured rms frequency deviation and P the oscillator 
power output at oscillator frequency fo. Typical values of M in 
Si are, for small signal 40 dB and for large signal 55 dB, when 
working near the optimum efficiency. For Ge these are 30 dB and 
40 dB while for GaAs 25 dB and 35 dB respectively. Lower noise 
measures are obtained when the Impatt is operating at twice the 
transit time frequency where the negative conductance is low and 
is therefore not a desirable operating point for many cases. 

For the single side band AM noise (cf. ref. 5) the noise to 
signal ratio is given by 


KT, MB 
: Class 2Po(1 + Quae® fm d) s+ (12.9.2) 


where B is the measurement band width, P, oscillator power out- 
put, M the large signal noise measure and fm is the measurement 
frequency deviation from the carrier fọ. Near the carrier, noise 
in Si—Impatt is found to be approximately independent of the fre- 
quency separation from f,. The AM noise to signal ratio is nearly 
independent of external Q and is comparable to that of a Klystron 
oscillator. The FM noise is much higher than the klystron. The 
FM noise can be reduced by using a stabilising cavity that raises 
the external Q of the oscillator. The AM noise can be reduced by 
using multiple diodes in series parallel combination, thus making the 
R.F. voltages correlated while the noisé voltages remain uncorrelated. 
In both cases, increase in the level of output power decreases the 
noise so long field suppression effects do not dominate the 
performance. (1/f) noise do not occur from avalanche but may arise 
from upconverted flicker or (1/f) trapping noise. 


12.10 Baritt Diode 


In the Impatt diode the avalanche multiplication is the cause of 
particle current pulse formation. Instead, forward biased injection 
of minority cerriers in a p-n junction diode over the junction 
barrier can be used as the source. of particle current pulse, This 
particle current pulse can be led through a swept out drift region in 
diodes, like P+-N-I-P*, P*-N-P* or P*-N-P-P* when it would acquire 
delay due to transit time through the drift space. To the funda- 
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mental component of the induced current the diode presents a 
negative resistance. These diodes are called BARITT (BARrier 
Injection Transit Time) diodes. 

The diodes mentioned above can be thought of as swept out 
floating base transistor where emitter to collector voltage is applied. 
Hence the field in the reverse biased region in general, is not large 
everywhere. This gives the possibility of working at low voltages 
like 7 volts at 10 GHz when an Impatt diode in a: corresponding 
situation requires at least a voltage drop of 50 volts in its drift 
region, This low voltage operation is however associated with 
teduced power output, Nevertheless, these may be useful for 
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Fig. 12.10.1. (a) shows the Swept out P*-N-P-P! diode ; (b) shows the 
electric field; (c) shows the carrier velocity ; and (d) The external 
circuit current as related to the R. F. voltage across the diode. (By 
Permission Ref. 11, Copyright © 1977 1EEE Trans. ED 24 
Authors ; H. N. NGUYEN &G. T, HADDAD) 
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applications like doppler radar system where low d.c. power 
consumption with low radiated power is important. 


The field, carrier velocity, induced current and R, F. voltage 
waveforms as expected in a  P+-N-P-P* diode is shown in 
fig. (12.10.1a—d). It is assumed that the particle current pulse gets 
injected at the peak of the RF voltage. The carriers are injected 
across the forward biased junction. At x, onwards these carriers 
are aided by the electric field. At r=0 and x= x, the carriers had a 
diffusion velocity vo that increases as time passes due to the field as 


(dx/dt) = v(x) =u E(x)= u qN x/££0 ka (02101) 


till the field at x=x, reaches the velocity saturation field E,. The 
transit time from x, to x, is assumed T,. So long the field is above 
B, that is required for carrier velocity saturation, maximum induced 
current I„ is obtained. The transit time through this region is 
assumed as T,. Thereafter over a period of time Tp the carrier 
velocity falls from the saturation value to the diffusion velocity, 
correspondingly the induced current falls to the cut-off bias value, I). 
As an optimistic diagram ti ‘R F. voltage is drawn with the same 
time-scale. The current I, is low enough such that the d.c. power 
loss during regions like wt=-—zx/2 to zero can be ignored, also the 
R. F. output in these regions is neglected. 


From equation (12.10.1) we have i 
vv, exp (u gNt/££0) s+ (12.10.2) 


where vo = (ug NxXo/££0) s+ (2.10.3) 
So, the induced current increases till t=T, as 
T=I, «xp (ug Nt/es,) se (12,10.4) 
Between t=T, to t=T, +T, the induced current 
I=I, = (12,10.5) 


Thereafter the induced current falls due to decreasing fie'd (propor- 
tional to distance) hence exponentially again to Io and can be written 
as 

I=I, exp gN u Na (3a/2w - t)/e8, s+ (12.10.6) 
between values of wt =(3x/2— wT») to (3z/2) where Na is the p layer 
doping density. | rom equations (12.10.2) to (12.10.6) we define 
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a= (nq No Tn/w&Eo)=(ug Naw Toloso) = log b 
= log (v,/v,) =log (x,/x,)=logl(In/I,) s+ (12.10.7) 

The R.F. output can be obtained byjadding the contributions'from the 
three sections of the induced current as defined in fig. (12.10.1) 
assuming the peak R.F. voltage to be Vm as 

P, -| e IV 005 of dot) w+ (12.108) 
while the d.c. current can be found by 

1 or 

Tae=(5- f * tao) ws (12,10.9) 
where the contribution to the integral of I, for the region wt= —s/2 
to zero can be warps The efficiency can be calculated from 
=P [Vac Ta, and is n -y Va, HaeTn (b cos oTa- 1) 


+ be*T,? sin ye e +w*T)?) 
—{bawTy sin wT y+ w*Ty* (1-b cos wT pt/b(a? + w*Ty*) 
+{sin o (Ta+T,) -sin oTl] ls (Tn + TO -1)+ oT] 
see (12.10.10) 
The computer calculations of the conversion efficiency indicate that 


the efficiency is maximum for T,=0, oT, =n and 2wTy=x For this 
situation, the efficiency in termsfof (V,,/Vz,) can be written as 
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-vrap larat eea] oly 

3 0'8 3 O 

Poe b=00: Big: 

> = 

= Or = 

504 b 0° 

S E 2 

5 So: 

2 o2 09 g oa 

0 - 02 04 06 08 10 

OTn= 09n WI, To/Imax —_—> 

Fig. 12.1.2, Shows Bard efficiency in Fig. 12.10.3. Shows the efficiency of 

io (v"\ fore p1- two types of diodes, 
terms of the ratio (= ) for: (77) as wo SI DeS 


a parameter for P+— N- P* diode. 


| 
| 


eS a ee 


TRANSIT TIME DEVICES 345 


For T,=0 this diode reduces to P*-N-I-P or P*-N-P diode when 
at wt = 3n/2 the induced current drops from Im to zero. The efficiency 
for these cases as function of wT», and bare shown in figs. (12.10.2) 
and (12.10.3) (cf. ref, 11). Extensive computer calculations (11) 
conclude that the P*-N-P-P* gives the best efficiency and has a 
low d.c. power requirement while the P*-N-I-P would give the 
best power performance. N-type GaAs would give the best overall 
performance with N-substrate Si being close. to it. Practical Baritt 
diode has been seen to work at 6'5 GHz at P, = 100 mW and 2 percent 
efficiency with 15 dB noise figure (cf. ref. 11). 


References 


1. Negative Resistance Arising From Transit Time in Semi- 
conductor Diodes, W. Shockley, Bell System Tech. Jour. 
33, (1954), p. 799. 

2, A Proposed High-Frequency Negative Resistance Diode, 
W.T. Read, Bell System Tech. Jour., 47, (1964), p. 369. 

3. Physics of Semiconductor Devices, S.M. Sze, John Wiley 
and Sons, 1969, p. 200. 

4. Large signal Analysis of a Silicon Read Diode Oscillator, 
D.L. Scharfetter and H.K. Gummel, IEEE Trans. ED. Vol. 
ED.-16, No. 1. p. 64—67, 1969. 

5. Topics on Solid State and Quantum Electronics, W.D. 
Harshberger, John Wiley and Sons, Inc., (1972). 

6. The Effect of Unswept Epitaxial Material on the Microwave 
Efficiency of IMPATT Diodes, S.R. Kovel and G. Gibbons, 
Proc. IEEE Vol. 55, 2066, 1967. 

7. Avalanche Transit Time Microwave Oscillators and Ampli- 
fiers, B.C. Deloach, Jr. and R.L. Johnston, IEEE Trans. 
ED-13 181—186, Jan. 1966. 

8. Semiconductor Devices and Integrated Electronics by A.G. 
Milnes, Van Nostrand Reinhold Company, 1980. 

9. A Single-tuned Oscillator for Impatt Characterisation 
F.M. Magalhaes and K. Kurokawa. Proc. IEEE (corres- 
pondence), 58, p. 831-832, 1970 May. 


10, 


ll. 


SEMICONDUCTOR DEVICES. 


A Low Noise Metal-Semiconductor-Metal (MSM) Micro- 
wave Oscillator. Bell Syst. Technical Journal, Vol. 50,. 
p- 1695, 1971. 

Effects of Doping Profile on the Performance of Baritt 
Devices, Hien Nguyen-BA and George I. Hadded. IEEE 
Trans. ED 24, No. 9, 1977. 


Problems 


ke 


6. 


Show that for a Read diode the anti-resonant frequency 
varies as the square root of the current density and current 
variation causes variation of the frequency at which 
maximum negative conductance occurs, 


Show that the separation between the anti-resonant fre- 
quency and the frequency at which maximum negative con- 
ductance occurs, decreases as the current increases. 

Hint: Start from equation (12.3.25), find [d(0m—0,)/d6m] 
to show it is negative. 

Show that the Read diode admittance magnitude increases 
with current. 

Show that the maximum of this quantity occurs at f=3.f,. 
Plot G vrs. B curves for a silicon Read diode of drift 
region width d=10 microns. Assume y,=107 cm/sec,. 
&=12, x,=0°4 microns and ,’,='02 per volt. Calculate: 
spot values for 50, 100, 250, 400 amp/cm* at 8 GHz, and 
at 250 amp/cm® for 3, 5, 7,8 and 10.GHz. 

Plot the variation of intrinsic Q of the Read diode of 
problem (4) above at the specified points. 

Find how does the minimum Q of a Read diode vary with 
current. 

Argue to establish that current variation can give fre- 
quency tuning but is a very unsafe method. 


Chapter 13° 
GUNN DEVICES 


In this Chapter we shall consider bulk negative differential’ 
resistance devices and their uses. In 1961 Ridley and Watkins: 
(ref. 1) and independently in 1962 Hilsum (ref. 2) proposed that 
bulk differential negative resistance effects are obtainable from the 
field induced transfer of conduction electrons from a low energy” 
high mobility valley to higher energy low mobility satellite valleys 
in materials like GaAs which possess such suitable band properties 
(cf. fig. 2.7.1). In 1963 Gunn (ref. 3) observed that when the applied 
d.c. electric field across an N-type Sample of GaAs or InP exceeded 
a critical threshold value of a few kilovolts per centimeter oscillations 
at microwave frequency were obtained. Later, Kroemer (ref. 4, 5) 
pointed out that these oscillations were consistent with the Ridley, 
Watkins and Hilsum (RWM) proposed mechanism. Experiments 
on GaAs subjected to pressure and the experiments on alloys like 
GaAs; -e P, showed that the threshold field decreases with decreasing 
energy difference between the valley minima, This convincingly’ 
established that the Gunn oscillations were due to RWH mechanism: 
mentioned above. Later, it has been found that (ref. 2) materials 
like CdTe, ZnSe and InAs under uniaxial pressure, also show RWH 
mechanism at high fields. We shall, however, confine our discussion: 
of this effect with reference to the material N-type GaAs. 


13.1 Velocity Field-Oharacteristics 


A typical property of many direct band gap semiconductors 
is (cf. fig, 2.7.1) that the effective mass of the central valley is 
considerably lower than the fres electron mass. In GaAs m,=0°07mo 
(cf. ref. 6), this leads to high electron mobilities despite the existence 
of strong electron scattering inside the semiconductor (the so-called 
intervalley scattering). In GaAs this mobility is 8000 cm®/v. sec. at. 
room temperature. On the other hand, the effective masses in. 
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‘satellite valleys are very much larger, on the average, of the order 
of free electron mass, The lowest set of satellite valleys is about 
0°36 ev. above the central valley. This energy is very much larger 
than kT=0'025 ey. Hence at room temperature and for low 
electric fields, nearly all electrons will be located near the bottom of 
the central valley where they have high electron mobility. A suitably 
strong electric field is capable of accelerating the electrons to rather 
high energies of the order of satellite valley energy. When this 
happens, the electrons are scattered into the satellite valleys where 
they have a much higher effective mass and hence a much lower 
mobility. So, they contribute much less to the current, This 
current reduction occurs rather abruptly because of the presence of 
‘strong intervalley scattering between the different satellite valleys. 
As a result, the overall current drops, and the material exhibits a 
‘bulk negative differential conductivity. 


Ruch and Kino (ref. 7) measured the velocity field character- 
istics of GaAs up to about 14 kv/cm, which agrees well with the 
theoretically predicted model. In their measurement, a high 
resistivity 10°—10° Ohm-cm GaAs was provided witha gold contact 
‘cathode on top of SiO and an Ohmic Sn anode.. The SiO layer was 
used to prevent hole injection. An electron beam was swept pasta slit 
that allows a short pulse (of the order of 01 nano sec.) to be incident 
on the gold cathode. Whea the electron pulse hits the cathode 
a bunch of charge of electrons is formed inside the semiconductor. 


Fig. 131.1. Velocity field characteristics of GaAs from 

results of different workers (Ref. 5, H. Kroemer, Copy- 

tight : John Wiley & Sons, INC 1972, Copyright © 1968 
IBEE, Trans Bd-15 j 
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This bunch induces a current in the terminals of the sample during. 
its transit time. To avoid heating, a pulsed electric field was 
applied to accelerate this bunch of electron. As the meterial has 
high resistivity, the field is primarily uniform. Thus from a 
measurement of the width of the induced current pulse in time 
scale and from the known length of the sample, the drift velocity 
was determinded accurately. The field corresponding to this 
velocity is known from a knowledge of the applied pulse voltage 
and the length of the sample. Diffusion only affects the rise and fall’ 
times of the output pulse but not its duration. 

Ruch and Kino gave a velocity field characteristic as shown. 
in fig. (13.1.1). Fig. (13.1.1) also shows the »(E) curve fur fields 
greater than 14kv/cm taken from data of various other workers. 
(ref, 5,8). It isto be noted that the (E) curve falls gradually at 
very high fields to about 8 x 10° cm/sec and that a rising v(E) curve 
at higher fields has not been found. Theoretical analysis shows. 
that there ought to have been a minimum, but experiments and other 
theories suggest that if there is a minimum, then it must be very 
shallow. Throughout our discussion, we shall assume the velocity 
field characteristic as shown in fig. (13.1.1) i.e., at very high fields 
the valley velocity is truly constant and is equal toy, The w(E) 
curve over the entire range of field can be well approximated by 


I(E) = [io E + ¥s(B/Eon)*/{1 + (E/Eon)"] ve (13,11): 


where the low. field mobility 4, =8000 cm?/v sec., Eon =4000 v/om, 
¥e=8x 10° cm/sec and k=4. If one takes k=4, E,,=3'9 kv/cm 
and y,=107 cm/sec, eqn..(13'1) gives excellent fit to Ruch and Kino’s: 
results (cf. ref, 5), 


13.2 Current Voltage Characteristics 


The dc. current voltage characteristics of the transferred: 
electron devices (TED) (made up of two ohmic contacts, at-the two 
ends of an N-type GaAs crystal of dimension of the order of 100 
microns), as reported in the early sixties were much conflicting. In 
that it was observed that the current follows Ohms law upto a certain 
field strength but many workers reported (cf. ref. 6) a fall of current 
at high yoltages while some others reported and justified a monotonic 
increase, The reasons will be well understood when the transient 


350 SEMICONDUCTOR DEVICES 


behaviour of the diode has been discussed. Hence we discuss the 
transient behaviour of the diode at the outset, 


5 POTENTIAL ja 


H 
H 


‘Fig, 13.2 1. Shows the potential, field and space charge for three different 
» ‘idealised distinct charge -| Ref. 4, 5, Copyright : John Wiley & Sons, INC. 
1972] 


During the period between 1964 to 1970 (cf. ref. 5, 6) various 
workers reported capacitance probe measurements on the transient 
field distribution in diodes at fields higher than the critical field. 
All these indicated that if the doping is high and sample length 
large (then the common features of these reports showed that), 
three typical idealised field patterns could be formulated in simple 
‘terms, as shown in fig. (13.2.1). These can be grouped under the 
following assumptions : 

(1) There is a transient Tepetitive charge movement in the 
diode, (2) the charge at any location can be accounted for by the 
difference of the field on either side of it, (3) the field is constant on 
either side of the charge, : 

The field types are discussed below. Under constant applied 
voltage conditions at fields greater than the critical field E, 
(cf. fig. 13.1.1), the potential and field distributions are as shown 
in fig. (13.2.1). The understanding of this figure is important as 
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it leads to an understanding of the constant applied voltage diode 
transients. 


(a) The, Static Case: 

In the first case fig. (13.2.1a) shows that, a static potential 
drop has occurred at the cathode contact at constant applied voltage 
and even if the field given by E,=(V/L) is greater than Ey, it is small 
in the rest of the sample. 


(b) The Moving Accumulation Layer Mode : 

In this a growing negative bunch of charge moves from cathode 
to anode repetitively, as one bunch terminates on the anode, another 
starts at the cathode, 


(c) The Moving Domain Mode : 

In this a growing domain (a positive charge followed by a 
negative growing charge) moves repetitively from the cathode to the 
anode, as one domain terminates on the anode another starts from 
the cathode. 


For an understanding of these constant applied voltage 
transients, we concentrate on the seeond: case. Fig. (13.2,1b), shows 
that although the applied voltage produces average fièld (V L) > Ex, 
as time passes the field at the cathode becomes gradually lower 
than E= ¥ 
voltage. The field change is sharply located as shown in fig. (13.2.1b) 
and increases as the charge bunch travels towards the anode. This 
implies that the charge (dE/dx) is negative, hence an accumulation 
layer of charge travelling towards the anode. In the next article 
it is shown that this type of charge movement can be repetitive for 
constant voltage bias exceeding the critical value E,.L. 

In contrast, the first fig. (13.2.1a) shows that a static charge 
distribution has occurred, most of the applied voltage has dropped 
at the cathode region and near the cathode there is a stationary 
positive charge attached to the cathode. This has led to a large 
field at the cathode region while the field is low beyond this fixed 
positive charge on the anode side. 

In the third type in fig. (13.2.1c) it is seen that under the same 
applied voltage, the fields on both the cathode and anode sides of 


and the field at the anode rises to make up for the total 
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the change are falling with time while the field within the charged 
region increasing. This implies that a depletion region followed by 
a growing accumulation region (a domain) is on transit, In this 
case, when the depletion region has been delivered to the anode, the 
accumulation region remains to be delivered ; ‘the situation is like 
fig. (13.2.1b), when the growing accumulation layer is being delivered 
to: the anode. Moreover, the field patterns, with it the charges, 
depicted in figs. (13.2.1b) and in (13.2.1c) are repetitive in nature. 
The repetition time is of the order of the transit time of the 
Carriers. 


13.3- Time Evolution of Accumulation Charge 


In order to understand the time evolution of the accumulation 
layer (AL) charge, we here follow the lines indicated by Kroemer 
and assume (cf. ref. 5) that a certain voltage V—E,.L=E,.L exists 
across the diode with ohmic contacts on both ends. A step voltage 
ôV has been applied thus increasing the voltage to V+65V. This 
ôV voltage step causes a displacement charge injection at the 
cathode end of value Q, =¢,6 5V/L. Remembering the assumptions 
mentioned above in 1—3, assume that the field on the cathode side 
of the charge is (E,+E-) while the field on the anode side of the 
charge is (E, + E+). The difference ôE of these two fields supports the 
charge Q, hence 


E+- E- 2 Q i: 
C ) zE, (13.3.1) 
If the currents leaving and entering the charge regions are J- 
and J* respectively, we get 

sJ=(J+-J-)—qN (5) aE «say 13:3:2) 


The rate of growth of the charge is given by (Q= — 6J.5t) which may 
be written as 

6Q 

at AN (6¥/0E).Q/ee, s+ (13.3.3) 
which indicates that as soon as the 5V Voltage step has been applied 
(while increasing the voltage) a bunch of electron charge 
Qo=£dV/L is introduced into the sample at the cathode, This 
charge, as it travels with an average velocity v,, changes with time as 
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Q=Q, exp (-t/Ta) ves (13.3.4) 
where T= (coe/an Sp): 


We speak of such an average because the maximum and minimum 
values of velocity differ by a factor of two only and so we think of 
the main bulk of charge to move with this average, while there can 
be local changes. So, we can speak of a transit time given by 
T,=(L/y,.). Thus, we see that if (dv/dE) is negative the charge, as 
given by (13.3.4), grows as it travels. The overall growth of the 
charge that occurs in one transit time is equal to 


n j 
QT, = prey, exp (a) = $V exp a ++ (13.3.5) 
where M SAGE “+ (13,3.6) 


For GaAs, taking typical values of v, = 1°6 x 10” cm/sec, 
$96 = 8°85 x 10-** x 10:9 F/cm and (dv/dE) = u = — 8000/3, 


eqn. (13.3.6) gives M =0°4 x 10**. 

Thus, we see that the primary accumulation layer charge 
injected by voltage increase óV can grow by a maximum amount of 
exp oy That is, the growth is dependent on the NL i.e., doping 
level and length product as also on M, that is, average drift velocity 
and the magnitude of negative differential mobility (thus on the 
material as well). If NL=M, the charge growth is only by a factor 
e while NL > M implies large charge growth and NL < M indicates 
no charge growth practically. We also note that NL > M indicates 
that the accumulation charge grows, but does not disperse as would 
be expected ina positive mobility material or for low fields in 
GaAs. That is, the charge is held together by negative differential 
mobility which effectively is working to modify coulomb , 
repulsion to an effective attraction amongst the charge particles. 
In the above discussion, diffusion has not been taken into account. 
But diffusion would only cause spreading of the charge, hence 
would act against this attractive force and the shape of the accu- 
mulation layer would be determined by the competition between 


the two mechanisms. 
23 
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Next we examine the time evolution of the cathode field. When 
the charge is at a distance x from the cathode, we have 
(Ep +E-)x+(E,+E*)(L-x)=6V+V 
where E,x+E,(L-x)=-V 
hence E-x+E*(L-a)=6V + (13.3.7) 
From equation (13.3.7), (13.3.1) with (13.3.4) we have 
i LAY POV i vie 
E-x+(E-+ ne (L-x)=5V 


or E™.L+(L-x) wv exp (¥ot/voT a) =56V 


__6V L-x Nx 
or RE -i [t -=I p (M )] --- (13.3.8) 
Substituting N/M =96/L equation (13.3.8) can be written as 
= dV L- 
Bea tv (! LETZ exp a] ws (13.3.9) 


For different values of we 6, the cathode side field can be drawn as 
a function of (x/L) as shown in fig. (13.3.1). It is to be noted that— 


Fig. 13.3.1. Shows the variation of the 
field at cathode side of the accumula- 
tion layer space charge. Note that for 
@>1 the total cathode field initially 
decreases in magnitude. 


NL 3 
(1) foro- jg O the expression (13.3.5) indicates that the — 


charge growth is nil while the cathode side field increases linearly 
with the location of the charge, es lingar 


GUNN DEVICES 355 


(2) for o= Ne. 1, the growth factor is only.e while the ini- 


tial rate of cathode field change is zero as can be seen by differentia- 

ting (13.3.9) with respect to x that zero slope occurs at (@/L) 

=(0-1)/0. : 
(3) For 9=NL/M > 1, the cathode field initially decreases 


from the applied value E; = a and later rises to the value (V+ dV)/L. 


Typically when NL/M > 1, say, for 9'2, the location of the zero of the 
field deviation from V/L is at x/L=0°9999. That is, for large NL/M 
values; for most of the time, the field at the cathode side of the 
charge is below the nominal value of E, = V/L. - Only when. the 
charge has reached very near the anode, the cathode field rises to E, 
and in a very short time to the value (E, +dV/L). It can be easily 
shown that the maximum deviation of the cathode field from B, is 


ww [exp (@-1)-0] which is of the order of 359 (sV/L) for 0=9°2. 
This change occurs in a time (8'2/9'2)L/¥o while a field change of 


360 ay occurs in the subsequent time (L/9'2vo). That is the cathode 


field increase as compared to the decrease is at least 8'2 times sharp 
for NL/M=9"2. 

Following Kroemer, (cf. ref. 5) we introduce here the ‘reinjec- 
tion feedback” concept. We have seen that as the primarily injected 
AL moves away from the cathode it grows for large NL/M values 
while the cathode field changes as well, This change of cathode field 
implies current injection changes with it, say, proportionately. For 
the case of NL= M, the cathode field increases slowly throughout the 
transit time of the charge, but the total amount of change is (6V/L). 
Hence a charge equal to the primary AL’s charge enters, but is distri- 
buted in time ; hence in space ; and so must be of lower total value, 
while the primary AL grows by a factor of e only. It is to be remem- 
bered that small values of distributed charges may be ignored in view 
of the presence of a time independent background charge. After the 
primary AL is delivered to the anode, useful part of the secondary 
charge that gets injected while the primary AL was on transit, (can be 
thought as located at the centre of this charge) in its turn, moves and 
grows by the same factor e and during this time a tertiary charge of 
still more distributed nature gets introduced by the time the secondary 
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charge is delivered to the anode. Thus, we see that for values of NL. 
=M, a voltage step V causes a ringing of the device giving successive 
current pulses, with time gaps a little less than the transit time 
(L/v,), that gradually decays down to zero, 

If, of course, NL > M, the cathode field initially drops. By the 
above argument, it would seem that the current would decrease. But 
this decrease occurs over a length of time : hence when one considers. 
the time independent background charge due to E, this decrease may 
not be observable as was the small values of the distributed charges 
in case of NL=M. Moreover, in this case, the primary AL charge 
grows by a large factor. For the typical case of NL/M=9'2 by as 


much as 10‘ times. That is, a charge of gie, ABW 10* is delivered to 


the anode with a consequent rise of the pied field by 350 sV/L in 
time (L/9'2 vo) This large change of cathode field, in such a short 
time, introduces a larger amount of charge at the cathode than the 
primary AL’s introduced value and that it is localised in time of 
(L/9°2 vo) in this particular example. This secondary AL moves and 
causes introduction of still larger tertiary current pulse in its turn, 
Thus for NL > M=10"+, it is expected that the device will produce 
growth of oscillation which will ultimately be limited by the vari- 
ous losses such as diffusion, non-linearities and ohmic losses. Hence 
NL > 10** can be taken as the criterion for self-sustaining oscilla- 
tions in the Gunn diode. 


13,4. Imperfect Cathode 


In the above discussion it was tacitly assumed that the cathode 
‘is well behaved in that equal change of cathode field produces equal 
change of charge injection or extraction. It was noted by various 
experimentalists (cf. ref. 6) that around any inhomogeneity in the 
sample an AL changes into a domain. This leads to turn our atten- 
tion to, the cathode, because it is the place of maximum inhomogenei- 
ty, for an explanation of the third type of observation mentioned in 
„article (13.2). The explanation given below also follows the lines of 
Teasoning given by Kroemer. 
_ oThe,hint lies in the point that, the current that the contact 
allows to flow as compared to the current the bulk can carry fora 
certain interface field between the contact region and the bulk. The 
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bulk current versus the interfaces field characteristics may be obtained 
from the velocity field characteristics of the sample by multiplying 
with gN and is shown in fig. (13.4.1) plotted against the interface field. 
The contact or the contact characteristic against the interface field can 
then obviously be of only three types as shown in this figure. If the 
contact characteristic is one like the curve ‘a’, then for any value of the 


E 
INTERFACE 


1 
vit 


E INTERFACE ——> 


Fig. 13.4.1. The bulk current and cathode contact current as functions 

of the field at the interface between cathode region and bulk region. 

[Ref. 5, H. Kroemer, Copyright: John Wiley & Sons., INC. 1972, 
Copyright © Noy. 1968, IEEE Trans. Ed-15) 


interface field the contact can give more current than the bulk ‘can 
carry. In such a case, an accumulation of electrons will always result 
at the interface and pure AL propagation from the contact is expected. 
If the contact characteristics is one like ‘c’ then for a certain interface 
field, the contact gives less current than the bulk carries and at the 
interface a depletion of electrons would result. This depletion, in 
turn, will cause increase of the interface field and this is expected to 
continue until the interface field has been such as to establish a current 
equality of the bulk with the contact regions. In this case, therefore, 
a static potential distribution of the type as shown in fig. (13.2.1a) 
will result, 

If it so happens that the contact characteristic is one like the 
curve ‘b’, then for an interface field lower than E, (where bulk current 
equals the contact current) the contact gives less current than the 
bulk can carry and hence a depletion results at the interface, This 
depletion, in turn, increases this interface field until it becomes E,. 
That is for such a contact characteristic, we have always’ a depletion 
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region formed at the cathode contact bulk interface. If any thermal 
fluctuation decreases this interface field, the interface field allows 
more bulk current than that reaches there from the contact and hence 
the depletion enhances to restore the interface field to E1. The situa- 
tion is vastly different if the interface field momentarily becomes 
more than E,, since in that case, the contact supplies more carriers 
than the bulk can carry. Hence on the left boundary of the depletion 
region, a local accumulation results, which, in turn, starts growing. 
This establishes the large contact field between this accumulation to 
the depletion ahead of it. The binding of the depletion region to 
the cathode is weakened and the accumulation charge starts travelling 
while growing, simultaneously pushing with it is the previously 
formed depletion region charges: “That is a domain is nucleated. It 
travels as it grows hence the field-inside the domain increases. 
Domain, therefore, consumes more and more of the applied voltage. 
This causes the contact field to decrease continually. Decrease of 
contact field causes formation of a depletion there, while the domain 
is in transit in which the accumulation layer grows continually. Thus 
the field within the domain grows until the accumulated charge be- 
comes equal to the depletion charge when we speak of a ‘matured or 
a stable domain. This stable domain obviously implies that the 
velocity within the domain has become equal to the velocities just 
outside so that no extra charge is entering or leaving the domain as 
shown in fig. (13.4.2) when diffusion is ignored. When the domain 
has matured, large voltage drop exists in the domain and very little 
voltage is available outside, resulting in small fields outside the 
domain on either side. This causes the cathode depletion to grow 
until the domain is matured. When the depletion region of the 
-domain arrives at the anode, the situation is similar to the AL mode 
just before the AL delivery to the anode, except for the small cathode 
voltage rise due to the already formed depletion there. The domain 
mode is an oscillatory phenomena ; as soonas the AL is delivered 
to. the anode, the cathode field rises to the bias value E, causing elec- 
tron injection whose growth and movement pushes the depletion with 
it and a new domain starts. 


The time evolution of the field in both the AL and the domain 
mode has already been shown in article (13.2). It is to be noted 
that inthe AL mode the atiode field is large for most of the time 
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except when the AL has just been delivered to the anode, when, this; 
field drops to the bias value momentarily. This causes the velocity 
at the anode to come near the peak velocity momentarily, then it 
decreases again, as, the anode field increases in the next cycle. 


In the domain mode once the domain has started on its transit 
the field at the anode is lower than the bias value. As the domain 
grows this field goes through the critical peak velocity field Ep, 
attains a much lower field and remains there until the domain is 
delivered to the anode. At this moment, when the domain reaches 
the anode, the cathode and the anode field rises to the bias value 
through Ep (hence passes through the peak velocity) but to fall again 
through this field to meet the demand of the second domain growth. 
So, a more spiked waveform of current is expected in the domain 
mode than in AL mode. The AL mode is expected to be more 
efficient than the domain mode since in the domain mode most of 
the diode body remains in the positive mobility region as opposed 
to the AL mode where the field for most of the diode body remains 
in the negative differential mobility region for bias voltages well above 
E,.L. 


The speed with which domain maturity would occur is expected 
to depend on the NL product. For NL products greater than 
10+, the domain growth is seen to be complete within 20% of the 
transit time. Whether a domain or an AL would form depends on 
the cathode contact region’s sample inhomogeneity. 


13.5 Butcher’s Equal Area Rule (ref. 9) 

We have noticed that in the stable domain the field inside the 
domain is high, say, the highest value is Em and the outside field 
low, assume it is E,. In order to understand the extent of the stable 
domain or the values of the fields therein, we here find out the rule 
that governs the stable domain which is known as Butcher’s equal 
area rule. For this, we consider the expression for the total current 
assuming for simplicity that the diffusion constant is field 
independent and the current is referred to the particle direction. We 
have, 


J=(gn WB)—gD Sr + e8 H ve (13.5.1) 
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where in respect of fig. (13.2.1) the field is directed to the left, v is 
\ directed to the right ; hence J is directed to the right. 

Since we know that the field pattern is moving, let us transform 
equation (13.5.1) in the moving reference frame. The reference frame 
is assumed to be moving with velocity u. In this frame the distance 
Z at time t’ is defined by 


zex-' u(t) dt vs (13.5.2) 
and th=t 
Hence we have 
Lae iy 
6r 6t!  6z 
66 
and Sencar 
|/Using these transformations, equation (13.5.1) becomes 
én ôE ôE 
J=qnv- gD gz ~ MSE 55 + E80 P ser (13.5.3) 


and Gauss’ theorem in the new moving frame becomes 


eso P= 9 (n-N) (135.4) ` 


Equation (13.5.3) can now be written using the simplification 
ô _ 6 6E_q(n-N) 8 


6z ôE 6z && 6B 


=e, JE 
J-E, Fr -qNu 

qn 
Assuming the diffusion constant to be field independent and integrat- 


ling (13.5.5) from the external field E, to the highest field Em gives 
athe integral relation 


Boe Tar (ER 
-|J se ôE byes 

| [o ae 2) E- | “W)-wek 
Boy qn E, 


et ( n(E,,) 
LND} N) on 
T | 3 1-7) 2 ie (13.5.6) 


= (WB) u) P49 ony... (13.5.5) 


as 4.9 
Egon ôE 
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Consider the case of a stable domain t.e., 


Prana ka 0 when the moving frame is steadily moving with the 


stable domain. The maximum field E,, is the point where Æ =0 ie., 


where the concentration is equal to the doping density and the charge 
changes sign from accumulation to depletion. The integration can be 
performed either from left to right or from right to left for E to Em. 

In either case the integral on the R.H.S. vanishes. The second 
integral on the left is entirely a function of E and is independent of 
the path of integration while the first integral has a constant in the 
numerator and a variable in the denominator. This variable n is 
greater for the path through the accumulation while it is less than N 
for the path through the depletion. The only alternative left for 
-this integral to be independent of path of integration is that (J — qNu) 
=0. In this situation equation (13.5.6) gives 


le (x(E)-u) dB=0 se (13.5.7) 
VELOCITY, 
ð 
u 
r t 
i \ 
$ : i t 
EsEoEp En, Em 
—— FIELD E 


Fig. 13.5.1. Shows the fields and the velocities 
(when diffusion is ignored) within the matured 
domain, E,, is the maximum field in the domain, 
where space charge is zero. E, is the outside field 
on either side of the domain. E, is the field at 
the highest charge concentration point of the 
domain. (All these assumes a matured domain 
moving with velocity U). (£.=E,—E,). 


Fig. (13.5.1) shows the stable domain velocity u as related to the v-E 
characteristic. Equation (13.5.7) implies that in this figure, the peak 
domain field Em and the external field E, should be such that the 
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areas of the cross hatched portions are equal. This requirement 
Obviously defines a curve jshown chain dotted in the figure (13.5.2), 
which gives the peak field Em of a stable domain. The field indepen- 
dence of the diffusion constant in equation (13.5.5) has resulted in 
equal velocities for carriers at peak field position within the domain 
as for carriers outside the domain. The velocity (cf. fig. 13.5.2) Vn 
corresponding to the field E,, refers, therefore, to the highest concen- 


Fig. 13.5.2. Shows the equal area of the single hatched 
regions as required—Butcher’s Equal Area Rule. Double 
hatched region is added to each of them to prove the 
identity of equation (13.5.8.) [Ref. 5, H. Kroemer, Copy- 
tight: John Wiley & Sons. INC-1972, Copyright © 

Noy. 1968, IEEE. Trans. Ed-15} 


tration point of the accumulation region which should move with the 
same velocity to maintain the domain stability. Again considering 
the flatness of the y-E:characterstic at high fields, vn=u is close to 
the velocity v, for very high domain maximum fields. For such 
cases, we can find an approximate value for the maximum field E,, in 
terms of (E, - E,) where E, = (s/o). By adding the double crossed 
Tegion as shown in fig. (13.5.2) to both the equal areas and approxi- 
mating the area under the y-E curve over the line indicated by v, by 
the rectangular area we have 


j e OE) - v,)dB = (va —¥)s(Em — E,) “+ (13.5.8) 
Defining 
Bie Efa ((E)-¥,) dE "eae asp 


set eae 2 A 
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and expressing v, and vs in terms of the low field mobility wo» we 
have for eqn, (13.5.8) 

E,?=(Em—Es)(Eo — Es) +» (13.5.10) 
wher E, is a quantity entirely dependent on the materials (E) charac- 
teristic alone and not on the domain details. For GaAs Ruch and 
Kino’s results give E,=2°935 KV/cm. 


13.6 Domain Mode 

The important consequence of the discussion of the equal area. 
rule points out that the drift velocity at the highest field is always- 
slightly less than the drift velocity outside the domain. Since the 
electron density at these locations are same also, the currents have to: 
be same while diffusion is present. Hence diffusion current should 
make up for this velocity difference. Hence the domains accumula- 
tion and depletion regions must ‘be adjacent to each other. There 
cannot exist a neutral high field extended region between the two. 
Hence the domain field must be about triangular not trapezoidal as 
shown in fig. (13.6.1). 


t 


è 
Em 


Fig, 13.6.1. Shows the triangular 
shape of the domain field. 


The field rise on the accumulation region must be much steeper 
than the field decrease on the depletion region. This is because the 
space charge density in the depletion side is limited to N, the doping 
while in the accumulation region charge density can rise to 
any value. Hence we have here a situation like a metal semiconduc- 
tor barrier region where all of the voltage drops across the depletion. 
region. Assuming complete depletion of the domain, we can write 


for the domain maximum field E,, 
2gNVa\t W : 
En = Eeo ) +E, (13.6.1) 


level, 
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Tn terms of the applied voltage, the domain voltage 

g Va=V.-E,L=(E,—E,)L ++ (13.6.2) 
where E, is the average bias field and E,L=V,, 

From (13.6.2) with (13.6.1) 


By =E; + zi; (Em—E,)* (13.6.3) 


where E, is the highest field that can be supported by the ionised 
donors of the entire device length and is given by 


En =(QNL/260)= 1°45 x 10° x (NL/10** cm3) 
(13.6.4) 


note that it is proportional to the NL Product of the device. The 
two fields E,, end E, are related by the equal area rule, 


Equation (13.6.1) gives for the domain voltage 
Va= (€9¢L/2gNL)(Eym —E,)* =(L/2B, En - Eo)? ++ (13.6.5) 
using w = (Nuo /E£0) + (13.6.6) 
and V,=E,.L 
Equation (13.6.5) can be written as 


(Vaock/vy Vo= 3 (B2 -E J “+ (13.6.7) 


For a certain applied voltage V, = E;.L, a voltage E,.L drops 
in the sample due to low field Eo, while the rest remains as excess 
voltage Vz across the domain. From equation (13.6.7), when 
E, =Ep, equal area rule demands (cf. fig. 13.5.1) Em=Ep; hence 
Va, the excess domain voltage is then zero. Equation (13.6.2) with 
equation (13.6.7) indicates that as the bias voltage increases the 
excess domain voltage also increases and this can go on till domain 
field causes Semiconductor breakdown in the domain region. That 
is the domain Voltage can increase but that the value is decided by 
the bias voltage, peak velocity v, of the velocity field characteristics 
and wL i.e., the NL Product of the device. For a certain NL product 
the variation of the domain voltage versus the field external to 
domain E, can be plotted from equation (13.6.7) as shown in 
fig. (13.6.2). So long as the domain is Present the anode current 
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is decided by E, and in view of equation (13.6.2) and fig. (13.6.2), 
corresponding to a stable domain voltage the (E,.L) voltage drop 
multiplied by the scale factor K =(w,L/v,V,), can be added to obtain 
the point corresponding to the applied voltage. This locates the 


SKEeL f Ec 
2 
7 a J 
ones : 
Kva = ( Yel Vo. Ket. 
OpVp 


Fig. 13.6.2. Shows the normalised domain voltage as a 

function of normalised field outside the domain. The load 

line is drawn using the seale factor K corresponding to the 

NL product. The curve also shows the dependance of E, 

on Ey hence the NL product. Note that after domain nu- 

cleation as E, decreases E, increases since KE,L increases 
in size. 


load line as shown in fig. (13.6.2). Ifthe stable domain exists while 
the applied voltage is decreased, the load line can be shifted parallel 
to itself. The excess domain voltage decreases while E,L voltage 
drop increases (cf. fig. 13.6.2 dotted lines) indicating that current 
increases. Ultimately, the stable’domain can no longer exist if the 
applied voltage falls below a certain value. 
In order to find this minimum bias voltage or the corresponding 
bias field Esm, Write equation (13.6.3) using equation (13.5.10) as 
Ep = E; + Ba+[(Bo?/Ba) -Ea)*/2E;, s+ (13.6.8) 


where Ea = (Eo - Es). 
From fig. (13.5.2), it is seen that Ea is very small compared 
to all other terms in this equation; so, equation (13.6.8) can be 


approximated to 
B, = E, + Ea + (Eo*/2B,-Ba*) + (13.6.9) 
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: Equation (13.6.9) shows that the bias field has a minimum value 
(Eim above which a mature domain can exist but none below. This 
occurs for value of 


Eam = E,(Eo/E,)*!* ~. (13.6.10) 
when By = E, + (3B,/2)(B,/E,)*/° * “+ (13.6.11) 


Note that near this point, equation (13.5.8) is not a good 
‘approximation but this does not affect the qualitative behaviour. 
Actually, that portion of the E, vers. E, characteristic for which 
Ea is greater than Egm, corresponds to physically realisable solution. 
‘Solutions of equation (13.6.8) for which Eg is less than Eam are 
‘unstable against small space charge fluctuations (cf. ref. 5). Any 
such fluctuation grows until a solution with Eg greater than Eam 
‘develops. Typical values as quoted by Kroemer for a drift velocity 
of 1°16 x 10’ cm/sec, are Ey =0°2 Kv/em for NL=2x10+? while one 
‘has E,=2'9x 10° V/cm and E,=1Kv/em. For this NL product 
‘from the approximate expressions, we have Eam=635 V/cm and 
'E,m~2 Kv/cm, i.e., approximately E, is within a factor of two 
from E,. The above estimate of Kroemer suggests E,~E, of 
fig. (13.5.2). 

From the above discussion, we see that once a stable domain 
has formed there exists a minimum domain sustaining voltage Ez,,.L. 
If the bias voltage drops below Esm-L, the domain cannot exist. 
‘The domain nucleation does not occur until the bias voltage is 
greater than E,.L. Once the domain is nucleated the bias field 


Fig. 13.6,3. Shows the bias ]field vrs. chae 

‘racteristics for different NL products. Note ¢ 

‘that corresponding to Eim for each NL pro- $ 
duct, an E,,, is expected. 
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can be reduced to the value given by equation (13.6.11), obviously 
a much lower value than required for the peak velocity field Ey. 
The bias field E, versus E, can be plotted from equation (13.6.9) 
and is shown in fig. (13.6.3). From equation (13.6.11) it is evident 
that E,, decreases with increase of NL. 
Domain can breakdown at higher domain fields. Hence this 
sets an upper limit to the highest domain field. From eqn. (13.6.3), 
neglecting E, and putting E,,=E,,, we have 
B,=(Bpr*/2E,) "se (13.6.12) 


In GaAs, E,, is greater than 2x 10° V/cm hence the highest average 
bias field 


Ey = 1°38 x 10° (1028 cm-2/NL) e+ (13.6,13) 


Thus we see that for NL, products of the order of critical NL 
product, the highest bias field is large compared to Ep 
= 32 x 10° V/cm. 

The knowledge of the steady state domain parameters allows 
one to determine the time dependent current-voltage or velocity- 
average bias field characteristics, The characteristic will obviously 
consist of a static and a dynamic branch, as shown in fig. (13.6.4) 
from computer simulation results (cf. ref. 10), The static part 
corresponds to the quasi-ohmic range of the velocity field character- 
istics. This continues upto the threshold field Ep which is little 


3 1012 


Fig, 13.6.4. Shows the dynamic paths of domain 
formation and extinction 
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greater than E, and depends on the NL product, being greater for 
smaller NL product. At Er, a domain is formed when the drift 
current drops to the dynamic branch, This state continues as long as 
the domain is in transit. If the bias field falls below the sustaining 
field Esm while the domain is propagating, the domain is quenched 
and the drift velocity reverts to the static branch, as shown by the 
arrow in fig. (13.6.4). 


13.6.1 Small signal impedance 

The small signal impedance of the diode can be found out as 
follows. For the low field ohmic region, the current can be written 
as 


J=Nq u, E+ eap ns (13.6.14) 


Assuming that the domain occupies a fixed spatial distance d and the 
total current is composed of a time varying a.c. part superposed on a 
d.c. current, while the field outside the domain similarly has time 
varying a.c. fluctuation superimposed on the low field regions d.c. 
part E, we have for small signals J=J,+J,(t) while E=E,+E,,(t). 
This time varying part of the field is a sinusoidal variation of the 
form Eo,(t)=E,,e%*. The time-varying part of the current for low 
field region is of the from J, exp jut hence substituting for J and E in 
equation (13.6.14) and separating the d.c. and a.c. parts, we have the 
small signal current as 


J, =(Ng uo +jwE£o)Eo1 Žž -~ + (13.6.15) 


The a.c. voltage drop in the total low field region is given by y= LE,1- 
Hence the small signal admittance of the low field region is 


NgwoA.. EEA 
Se +ja~"e* ++ (13.6.16) 
where A is the diode’sectional area. Yr can be written as 
es 
XUR +jo Co where Ro =L/Ngu,A and C, = £ £A/L 


Equation (13.6.16) shows that the equivalent circuit of the low field 
region consists of a parallel combination of ohmic resistance and a 
capacitance. 


On the other hand, if the diode terminal voltage varies when 


4 
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the domain is present, the current changes so the total a.c. resistance 
can be obtained from 


LdEy _ L dE, dEa 


Ad] A dEa d) 
which can be written using equation (13.6.9) as 
dV,_L dB, (,_ B 
dI -A dJ ErEa’! 
while E, being in the low field region, we have 


D = gNA (1~ Bot /ExBa*) + (13:6417) 
Equation (13.6.17) shows that when the domain is charging or dis- 
charging the rest of the region has a positive resistance (L/uoqgNA) 
while the domain has a negative resistance given by 

Anda iv WE BRON eae 9 ve (13,618) 

Hod NA En Ba* toe 

From (13.6.1) the domain charge variation can be represented as due 
to domain voltage variation as 


ee 
6 Va(t)= 7N (En- Eo) (Em -= Eo) 
the fields E,, as also B, varies during domain voltage variation. If 
E(t) is substituted for time varying (Em — Eo), we have 


ovale) =) [££ 6 E(t)] 


where d(t) is the time dependent width of the triangular. domain. 
Hence we have i 


Vad- a0) BU) -RO wes (13.6419) 
Cof=AL 
Ro Ra 
Cs (STRAY) 


Fig. 13.6.5. Shows domain mode 
equivalent circuit for the Gunn diode. 
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where 6Q(t) and Ca(r) are the time dependent charge and domain 
Capacitance. The domain, therefore, represents a negative resistance 
in parallel with a capacitance. Hence the equivalent circuit for the 
diode can be drawn for the domain mode as shown in fig. (13.6.5) 

It may be noted that under dynamic conditions of domain 
growth Kurokawa (cf. ref. 11) has shown that 


Mea | Ee) - 0B) dE = (13.6.20) 


which can give the equivalent circuit of the domain in more’ rigorous 
terms. 


13.7, Resonant Circuit Loading 

So far we have discussed the space charge instabilities under 
fixed bias voltage conditions. The Gunn diode would actually 
work in the MW range where the load. would obyiously be a MW 
resonant cavity or the like as shown in) fig. (13.7). Hence we 


T 


‘Rig, 1317. Shows the diode equivalent circuit in parallel with the loa- 
ded resonant circuit. On the left the diode capacitances are. Jumped 
across the resonant circuit. 


need to consider the voltage at the diode terminals as a d.c. bias 
superposed on which an a.c. voltage. that develops across the reso- 
nant circuit is present. 


13.7.1 Transit time mode 

As long as the amplitude of the a.c. voltage remains small 
such that the device stays above its domain nucleation threshold 
voltage Vr=Er.L, during the entire oscillation cycle nothing funda- 
mentally new happens, As soon as a domain is formed the anode 
current falls, remains neatly constant a8 long as the domain is in 
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transit. As the domain is delivered to the anode, the current rises 
since the anode field rises, which immediately falls only to. cater 
for the new domain’s: growth, the total diode bias field being above 
the threshold value Vr always: Hence, th: current) pulses that » are 


VOLTAGE 


TIME = ——» 


Fig. 13.7.1. Shows the transit time mode current 
7 and voltage ‘V’ referred to in fig. 13.7.1 above 
yrs. time. 

delivered after each domain transit time are as shown in fig. (13.7.1) 
These current pulses excite the resonant circuit and cause the vol- 
tage variation as shown in this figure. Because the-domain moves 
faster when the domaia voltage is low and slower when this voltage 
is high, a variation in the transit time is possible-by varying the 
bias voltage and/or the amplitude of | voltage swing. Thus some 
amount of tuning is possible in this mode’ which is known as the 
‘transit time mode’. 7 


13.7.2 Delayed mode 4 
If the a.c. amplitude brings the total device voltage periodi- 
cally below the domain nucleation threshold ‘value Vr, “either for 
a time long enough for the domain to teach the anode or to a 
value low. enough: (less than, Va = Eym-L) for the space charge to 
collapse. (quenched) or both, then the situation is different. In 
either case new: domain will not get started and. will ‘be delayed 
until’the device voltage exceeds the threshold: voltage’ again: This 
means that the oscillation frequency is’ not determined by the tran- 
sit times but by the r-sonaat circuit load., In this way, operation 
at frequencies drastc uly different from, the transit time frequency 
“is obtainable.. At. frequencies „lower, than the _ transit. time 
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“freġuency, the delay provides ‘the possibility’ of wide frequency 
tunability. For example, in the delayed mode, we assume that a 
domain is formed ‘at t=0 and while it is in transit the r.f. voltage 
“has made the device voltage ‘fall below Vp but the device voltage 
remains greater than V,. In such a case, the domain is delivered 
to the anode, but another does not get started until the time t= 
t+ô=T when the device voltage has exceeded the threshold Vr. 
This is shown in fig. (13.7.2) as the domain is thus delayed by a 


>. 
Se N, 
d 7h `~ 


3 ain 


is) © 
» Fig, 13.7.2. Shows, the ideal delayed, domain mode. (a) „State and dynamic 
. Parts of current voltage characteristics, (b). Shows the R.F. voltage relative to 
the voltage applied V.,threshold Vr and sustaining V, (c) Shows the current 
_, Puls shape for optimised generated power and the corresponding delay 3. 
(d)Current pulse shape, when sis not optimised. (e) Shows the efficiency 
vrs. applied Voltage normalised to E,.L=Vr, IIn valley to peak current ‘ratio, 
(RL/R.) load resistance ‘normalised. to low field device resistance and optimum 
delay vrs. normalised applied D.C, voltage, 


time ô. it is assumed here that ‘the domain collapses instanta- 
neously oe teaching the anode or matures instantaneously when the 
device voltage rises above Vm and the “static current voltage charac- 
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teristic is ideal, as shown in. fig. (13.7.2a). in. place of one of 
fig. (13.6.4). In this it is assumed that Vp = Vr. 

For maximum output, maximum. current pulse duration and 
height. possible should be delivered to the resonant. circuit. as in 
class C oscillators. The characteristics of such oscillators are well- 
known where the standing current al; drastically, reduces, the 
efficiency and the current wave shape determines the power. It is 
obvious that for the waveforms presented in_ fig. (13.7.2b),._ the 
optimum. efficiency. will depend on the value of a, the valley. to peak 
current ratio, as also on the d.c. bias. Similarly, the d.c. current, 
optimum delay (equal to the current pulse electrical angle) and the 
optimum: load will be dependent on d.c. voltage applied. These 
curves are presented in fig. (13.7.2c). ` ; ; 

It isto be noted from fig. (13.7.2b) that the domain transit 
angle will be Controllable by the bias. voltage and will increase 
slightly with increase of this voltage. After the domain is delivered 
to the anode so long as the device voltage is below the threshold, 
a new domain is delayed in forming. The circuit frequency is 


decided, by the transit time T plus the delay 5. For a dic. bias -~ 
equal to Vr circuit tuning can accommodate a circuit frequency such N 


that the 6 can vary between zero to half the circuit period. In other 


words, the circuit frequency can be varied by as‘much as factor óf two 
between the transit time frequency fr= i when 6=0. to_0:5 fn, when 


s=r. Obviously, the output power, efficiency even optimum load will 
vary with it. For d.c, bias higher than Vx, the circuit tuning gets 
narrower than 2:1. ‘Itis to be noted that, in this mode some cor- 
relation of circuit frequency to the sample length-is required, It is 
possible to sustain oscillations for bias voltages less than the-thre- 
shold voltage provided the a.c. voltage brings the diode voltage above 
threshold and the oscillations generate enough power to be self- 
sustaining. If the oscillations are not self-sustaining, by striggering 
with a suitable transient, the diode can be used as a monostable: 


13.7.3 Quenched mode 

At frequencies higher than the transit time frequency the total 
diode voltage can become too low before the domain has been deli- 
vered to the anode. In such cases, if the diode voltage is lower, than 


the sustaining voltage EsL= Vss then the domain starts to discharge) 


te 
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or quench, We assume here that quenching occurs instantaneously 
and draw the ideal current voltage waveforms for this mode às shown 
in fig. (13.7.3).’ After the domain is quenched, the diode behaves as 
an ohmic resistance until the diode voltage has exceeded ‘the Vr again 
when a’ new domain nucleates and starts travelling as a mature 
domain. `The growth period of the domain to maturity has been’ ig- 
nored in drawing this figure. It is seen again the valley to peak cur- 
rent ratio a affects the optimum efficiency. It would be seen ‘from 
fig. (13.7.3) that in general the efficiency is more than a factor of two 
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Fig. 13.7.3, (a) Shows the total Voltage waveform vrs. time. (b) Non-optimised 

quenched) mode: current waveform vrs. time. ` (c) Quenched mode efficiency 

yrs, normalised applied voltage. (d) Normalised load and valley to threshold 

current ratio vrs. applied voltage. (c) Current waveform when domain is 
i] quenched just at the nagative peak of the R.F. voltage. 


lower than the delayed mode, This figure is based on ref. (cf. 12). 
The corresponding optimum load is higher by about the ‘same factor 
than inthe delayed mode. Tt would be seen from the figure that “for 
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quenched mode operation the circuit period Ty, is jess than transit 
time (is required), So, Gunn effect oscillations at frequencies much i 
higher than the transit time frequency is possible. But it is to be 
remembered that neither quenching nor the growth are instantaneous, 
Since it depends on NL product it has to be high compared to non- 
quenched operation. i 

~ Quenched, mode operation as seen from figure (13.7.3a), is 
rather inefficient. The portion of the device that, lies beyond the 
quenching distance acts as a. purely, positive series resistance 
throughout the r,f. cycle. Obviously, this portion of the device 
could be eliminated so that the transit time frequency, would 
coincide with the desired frequency of the quenched mode, ` Further. 
comparison. of “figures (13.7.3) with (13.7.2) will, show that the 
quenched mode power output is also much lower than in the delayed 
domain. mode. Therefore, the main interest in quenched -opreation 
is for application like signal generators, where wide band tuning 
is required rather than power. > ; 


13.7.4 LSA mode, IFE) i 

Next we discuss -the^ case of quenched , accumulation layer 
mode... It would, be seen that ;quenching. of, AL needs , less . field 
lowering from the threshold than in the domain mode, AL, quenching 
time canalso be shorter than, the domain quenching time. Finally, 
in-contrast to the quenched domain mode'the portion, of the device 
between the point of quenching to anode remains in the negative 
mobility region for most of the oscillation cycle, except for only 
a brief period, between quenching and reinjection of an AL, Such 
a negative resistance generates oscillation power rather than 
absorbing as in a positive resistance for this region, in domain 
mode. Hence, it is expected that quenched AL mode would give 
higher power at high frequencies. 

It may be noted that in quenched AL mode, during the early 
part of the travel of AL towards the anode and when the AL is 
near the anode, the magnitude of the field (Ep +E*) on the anode 
side of the AL is not very much different from the bias field. 
Hence the total bias field has to drop only slightly below the 
threshold’to bring the device in the positive mobility region thus 
enabling faster AL ‘quenching during these periods. The field’ 
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remaining near the threshold keeps the current high during 
quenching, As a result, the quenched AL mode has a much higher 
efficiency than the quenched domain mode, if the oscillation 
frequency can be made high compared to the transit time frequency. 
If this frequeacy is very high compared to the transit time frequency 
the AL proceeds only a very short distance, where the AL starts to 
quench since the voltage has become low. Before it is completely 
quenched another AL starts since the R.F. has changed phase by 
this time. This AL and the residue of the earlier one starts 
growing, then a short time later, they both start quenching. ` Thus 
a series of graduàlly decaying ALs can be envisaged. In this case, 
most of the device remains in the negative resistance region, For this 
situation, the mode is named Limited Space-charge Accumulation 
(LSA) mode. ' Ideally one can assume uniform field over most of the 
diode length, 5 
"The LSA mode of operation can be analysed analytically by 
assuming a three-piece linear approximation for the velocity field 
characteristic as shown in figure (13.7.4) and ‘the structural 
requirements can be found out (cf. ref. 5, 6,12). In this figure, it 
has been assumed that the sinusoidal R.F. field (E,.b,) is superposed 
on the bias field'Byb,. As seen from the figure, the growth ‘of space- 
charge would occur over an electrical angle’ 29,,\ while decay. will 
occur overan angle 29, and? the negative: differential mobility ‘can 
be taken as a constant. Since in AL mode the growth of space-charge 
is accompanied with a rise of the anode field while the space-charge 
decay Correspondingly causes this field to decrease, the current wave 
shape can be figured from the Corresponding J-E curve obtained 
from the carrier velocity at the anode using the expression J=gNv. 
Fourier analysis of this current waveform gives the d.c, and the 
fundamental current components. The d.c. current with the bias 
voltage gives the power input while the fundamental current with 
the R.F. voltage gives the R.F. power output. So, the efficiency can 
be calculated for this mode. This line of reasoning is left to the 
reader as an exercise (cf. Problem 13.7). Here we do not follow 
piece-wise linear approximation since the negative differential 
mobility varies over wide Tange ; so one should speak of a time 
average of this mobility. This would obviously depend on the time 
spent by the signal in these regions (cf. problem 13,9) ; hence, on the 
waveform too, We need to remember. that during the finite 
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quenching time, space-charge cannot be completely quenched, only 
that it would be attenuated heavily leaving a small residue. In the 
next cycle, when the voltage exceeds the threshold again, this residue 
will grow while a new AL will get introduced at the cathode, Hence, 


boEn Ep(bo + bi) 
1 : FIELD —— 


Fig. 13.7.4. LSA mode idealised sinusoidal R.F. instantaneous K 
field velocity diagram for E=E, (bo ~b, cos wt) : 
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for, true LSA operation the regrowing residue must remain weak 
compared to the newer ones. There will be series of gradually 
diminishing. space-charge accumulation layers moving along the 
diode body and the whole diode body would be in the negative 
resistance region, Their number would obviously depend on the 
circuit frequency as related to the transit time. .The growth factor 
by which the residue of the primary space-charge (grows or) decays 
per cycle can be written as 


G=exp (-T/T2) < (13.7.1) 
where T is the circuit time period and T, is given by 
J SQN (Rg aN 
E-i \, a ate Ng a (13.7.2) 
DREE E ae 
rapia 


where @ is a time average electron | mobility. and is dependent on 
the signal waveform) In order to obtain true quenched operation, 
overall growth G has to be less then, exp (-1) to ensure space- 
charge decay (Copeland: fef. 13.14), This Tequirement gives with 
equation (13.7.1) one LSA mode requirenient as 

(NI) > enqity e (13.7.3) 
It is to be remembered that 7 depends on dic. bias, a.c. amplitude 
and the wave shape of the electric field in the diode, For a square 
wave not entering in: the constant velocity regions of fig. (13.7.4), 
Kroemer (cf. ref.. 5)- gives -7=0°5 uo. This gives from equation 
(13.7.3), an approximate LSA requirement as : (N/f) > 10° for GaAs. 
For sinusoidal operation oa the other hand, the time spent by the 
R.F. in the positive mobility region is shorter than that spent in 
the negative mobility region resulting in reduction of average 
mobility to about 0:02y,. From equation (13.7.3), one of the 


structural requirements of the LSA mode for sinusoidal operation 
becomes, | 


(N/f) > 25.104 i c (13.7.4) 


If the bias voltage is decreased, but the same degree of quenching 
is assumed, the R.F, voltage spends more time in the positive mobility 


region thus increasing 7. By equation (13.7.3), even a lower N/f 


can then provide the required, degree of quenching, 
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In addition to the lower limit’ of (N/f) mentioned” above, ‘there 
is an upper limit for the (N/f);ratio for LSA operation. This ‘comes 
from the fact that: the growth G, during the negative mobility 
region must be related to the decay G, during the positive mobility 
region such that 

G=G,. G,=exp (- 1) e (13.7.5) 


Larger the (N/f) ratio, larger is the growth and decay type cscillation 
of the space-charge amplitude. -Actual devices will have unavoidable, 
non-uniformities of statistical origin. Such non-uniformities, may 
act asjincipient nucleus of domian formation. j Hence the maximum 
permissible value of Gn is a function of the degree of non-uniformity. 
in the diode body. Presently (cf. ref. 14), 1, per cent non-uniformity 
is taken as reasonable that gives a value of G,~exp (5) as tolerable. 
This arises from considerations that an | incipient dipole domain 
with accumulation over a Debye length will start with a voltage of 
the order of (kT/q) but would grow to afew volts, Hence taking a 
maximum tolerable value of gain in-the \negative’ mobility region, 
as mentioned above, we have for the other limit of (N/f) ratio from 
equations è \ \ ; 


T <Sand ($ N| a, 
as (N/f) < Sella linl) vs (13.7.6) 


where 7, is the average mobility during the negative mobility portion 
of the oscillation cycle only, 

For square wave drive, Kroemer gives a lower limit for 
luil =0 01g and states that for sinusoidal drive it would require 
a high dic. bias to sweep through the region of ‘high negative 
mobility as rapidly œas possible. If more time is spent in the 
negative mobility region, then |7,| will increase, giving a lower 
value for the right-hand side of the requirement (13.7.6). The 
condition will not be satisfied unless, for example, the frequency 
increases to the required extent. That makes sweeping faster through 
the negative mobility region. With this value of || = 0°01 w, the 
upper limit of (N/f) is 2 10° sec/cm?. = Hence for LSA mode we 


have the structural limits as, 


“95 x10¢ $2, < (NI) <2% 10" cra 13.7.7) 
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If we have a device with NL=2 x 10** that is working in the transit 
time mode, the transit time is 1/f=L/107 seconds. For. this 


device N/f=2x 105 aay Hence at least in the lower portion of the 


(N/f) range, the LSA mode devices are less heavily doped than transit 
time devices. 

Define space-charge overall decay G=exp (—6) where 5=1 was 
used in the ‘above discussions. Carroll (cf. ref. 12) gives analytically 
determined normalised® bias field versus ‘efficiency ‘curves from his 
piece-wise linear approximation of v-E curves for sinusoidal R.F. vol- 
tage as shown in fig. (13.7.5) for 5=1. This author gives the (N/f) 
ratio’ and’ efficiency ‘versus ‘normalised bias field from analytical 
methods, as shown in fig. (13.7.6); for zero value of 6 as well. Note 


jo=1 
Nit=3.3x10* 
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Fig. 13.7.5. Shows normalised bias field vrs. efficiency 
obtained from scheme shown in fig; 13.7.4, 


that in this figure 6 with different subscripts have been used, ‘These 
are defined as G, = exp 5, and Gp=exp-5,. That is 6, and ôa are 
the gain and loss exponents due to the average mobility values during 
only the negative and only the positive mobility portions of the oscil- 
lation cycle itespectively.. We have for one complete cycle, G= 
exp (6, = ôa)» Zero value for 4 can be achieved with x= ða We have 
seen that the) highest. permissible value of 6, is 5 while the lowest 
value of 6=1 is not regarded to give useful growth (cf. art. 13.2). 
Fig. (13.7.6) shows thatthe useful N/f range increases with increase 
of the bias field. From these curves, as also from our previous discus- 
sions, it can be concluded that the LSA mode, in general, requires 
high bias field. Typical load impedance lies in the range of 10 to 
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100 times the low field resistance of the device. For optimised bias 
field and load resistance, the efficiency of LSA mode can reach as high 
as 17 per cent for bias fields between 10—15 KV/cm in GaAs. 


* USEFUL RANGE 
a=0.4 OF N/f FOR GOOD 
Š SPACE CHARGE 


Eb/Ep > 


Fig. 13.7.6. Shows normalised bias field vrs. 
Nif ratio and efficiency. 


13.8 Starting of LSA Mode 


We have seen that the LSA mode requires high bias field of oper- 
ation. Unless the R.F. swing develops to large amplitude, it is not 
possible to start the LSA. When the AL mode starts to develop to 
large amplitude, small doping non-homogeneity may change it to 
domain mode of operation, If domain is formed, then it will absorb 
large voltage in its formation. If the applied voltage is large, domain 
peak field may exceed, E,, when the diode will break down. Hence 
the first requirement is good quality of crystal with possibly less 
than one per cent doping non-uniformity. With such good quality of 
crystal, one needs to build up the R.F, voltage very rapidly to large 
amplitude to obtain the LSA mode of operation, 


TEFLON SPACER ~ La SUDING 
shel iat f SHORT C 


Fig. 13.8.1 (a). Shows scheme of video lead used. for exciting 
LSA mode. [W.K. Kennedy, L.F. Eastman & R.J. Gilbert. 
© Copyright 1967 IEEE, Trans. ED-17] 


882 SEMICONDUCTOR DEVICES 


One approach is to use very fast rising pulses to the sample 
through’ a suitably designed video lead as_shown in fig. (13.8.1a), That 
is to impart R.F. energy into the cavity that causes the cavity to ring, 
thus helping the R.F. voltage to grow. Kennedy (cf. ref. 15) has 
reported a device with this type of excitation at 8 GHz giving short 
pulse power of 500 watts... 


D.C.BIAS 
R.E.BIPASS 


SLIDING SHORT 


E VANE 
Fig. 13.8.1 (b). Shows Copland’s scheme of exciting LSA mode. 


A resonant vane formed a lightly loaded high Q resonant circuit 
across the diode (cf. fig. 13.8.1b) in Copeland’s work (ref. 16). The 
initial transients are produced by thedomains, The load matching 
elements are kept far away from the resonant cavity. So, by.the time 
the diode perceives its presence by reflections from the matching ele- 
ment, the R.F, voltage builds up to large value because the resonant 
cavity is, as if, not loaded. It has been seen by Heeks (ref. 17) that 
‘when high frequency LSA oscillations build up, low frequency oscil- 
‘lations below the waveguide cut-off exist below the resonant vane 

“which forms a capacitance with the guide, the guide acting as induc- 
“tance below Cut-off. This low frequency component helps in the high 
; “frequency, formation above the wave guide cut-off frequency. 


"18.9 Mode Chart of Gunn Devices 


In multivalley semiconductors, the ,intervalley scattering rates 
provide some frequency limitations. These intervalley transition 
rates, coupled with dielectric telaxation times, have been considered 
‘by many authars and, at present, the absolute upper frequency limit is 
-assumed to be around 180. GHz (cf. ref. 12). 


Nevertheless,.it is instructive at this moment. to summarise the 
(doping x length) against (frequency x length) product require- 
ment for the different modes of working of Gunn diodes discussed so 
far. This is shown in fig. (13.9. 1). Self-sustained oscillations require 
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NL products greater than 10'?. For NL products between 10+1-1012, 
some amount of per cycle gain may be expected when the Gunn 
diode is used as’ small signal amplifier, particularly around the transit 
time frequency. For NL products greater than: 10**,some amount 
of frequency tuning is expected in the transit time ‘mode.’ Below’ the 
transit time frequency, we have seen in delayed domain mode, fre- 
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Fig. 13.9.1. Shows the mode chart of Gunn diodes, 
[Ref. 3. John A. Copland. Copyright © Sept. 1967 
IEEE, Trans, ED-14) , 


quency tuning is possible down to about half of the transit time’ fre- 
quency. The quenched ‘domain mode of operation occurs above the 
transit time frequency range. Finally, the LSA mode of operation 
defined by (N/f) condition (13. Į: 1), is shown between two parallel 
lines in fig. (13.9.1), 


Best CW power frequency squared values obtained with Gunn 
devices are around 5°3 x 10°W GHz? while the best ‘pulsed value for 
this product is 9°8 x 10*W GHz*. In well designed waveguide cavity, 
the temperature variation can be less than 50 KHz/°C between — 40°C 
to +70°C. The AM noise level of Gunn Oscillator is quite low while 
FM noise is comparable’ to klystron oscillators.. Amplifier noise 
figure NF of the order of 30 dB has been quoted by some authors, 
Gunn devices can be used as reflection type amplifiers also in switch- 
ing and waveform generating functions. This is the topic of our dis- 
cussion in the next section. 
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: 13.10. TED Signal Processing 
Around 1967 onwards it was realised that dipole domain forma- 

tion associated with current changes in the external circuit could be 
used, for subnanosecond pulse generation, waveform generation and 
signal processing (cf, ref. 18). One principle of pulse and waveform 
generation lies in the fact that when a domain has formed, the current 
through the device falls but the’ domain has the property of filling the 
whole area of the device through which it makes the transit. This is 
because, the domain being a relatively high resistance region, the 
current tries to go by the sides, as shown in fig, (13.10.la), if such 


CURRENT FLOW BY. THE SIDE 
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. RESISTANCE 
\ REGION 


Fig. 13.10.1(a). Shows the device and the current pulse as the 
domain travels down the device. 
space is available, thus causing the domain current to decrease. This 
is what precisely necessary for the growth of the depletion, so the 
depletion region extends on the sides. The excess current on the sides 
_ accumulating particles on the left of the depletion thus. causing the 
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Fig. 13.10.1(b): Shows the output voltage pulse obtained 
by using a schottky barrier pulsing in a subcritically biased 
device, 
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growth of the accumulation region of the domain as well. The 
extension of the domain on the sides is also dependent on the 
interaction between two groups of particles (i) the slowly moving 
ones in the domain and (ii) those moving faster by the sides where 
the field is lower. The current density at the peak field position of 
the domain is given by q N vm where Ym is the velocity at Em. 
Hence the current is 

I=A(x) q N Ym w  (13.10.1) 


where the area A varies along the diode length. That is, any type of 
waveform of current can, on principle, be obtained in a load, connec- 
ted in series with the TED device ; only by shaping the body of the 
diode suitably. 
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Pig. 13.10.1(c).. Shows the cathode current as the domain 
passes the different points on the devices, 


Second principle that is used for domain creation lies in the use 
of the diode with a Schottky barrier on its side near the cathode as 
shown in fig. (13.10.16), where a subcritically biased (below Vr) diode 
has not have a domain propagating, ‘But by application of a negative 
pulse, the depletion width is increased, thus causing momentary field 
concentration in the diode body adjacent to the depletion region and 
raising the field to above critical value there. This causes a domain 
to nucleate and propagate giving a current ; hence an output voltage 
waveform, as shown in the figure. The rising portion of the input 
pulse being positive going, does not affect the domain. In drawing 


the waveform, we have assumed instantaneous domain growth or col- 
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lapse. on reaching the anode. But this will modify only the sides of 
the waveform. The duration of the pulse is decided by the device 
length and is equal to the transit time of the pulse. Note that if the 
resistance was connected to the anode supply instead of the cathode, 

la positive going pulse would have been obtained: at the anode to 
ground, 

The third principle is that the domain having a depletion region 
in it acts as.a high resistance and drops a large part of the applied 
voltage. Hence for a device with three ohmic contacts as shown in 
fig. (13.10.1¢), biased above the threshold voltage, will have a domain 
nucleated at the cathode C when the current, out of the cathode C 
would decrease. When the domain is between B to C, large voltage 
drops between B to C ; hence less is available between A to B causing 


(a) 
n t 
j” o b) 
wv pw. 
"e 
tide 
R tate 3 


(d) 


Fig. 13.102. (a) Shows the circuit, (b) shows the 

output voltag: waveform if (t, —t,) > L/V, (c) shows 

an AND simulation requiring a threshold, (d) shows 
an AND simulation if t, =t,. 
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the current I, to be small and the total cathode curcent constant. As 
soon as the domain has crossed the contact B, the portion AB has a 
large voltage drop across it, The current I, rises while the domain 
current decided by the domain area remains same. So, the total 
cathode current rises at B. So long as the domain is in transit between 
B to A, the current again remains constant and as soon as the domain 
is delivered to the anode the current rises momentarily to fall again 
due to nucleation of another domain at cathode. As a matter of fact, 
this principle can. be extended to obtain variable- tapped delayed 
pulses in which the delay 6 can’ be varied by tapping at different 
ohmic contacts aloag the diode body as shown by a dotted ‘scheme in 
the figure., 


Next, we examine a logic AND/OR circuit where the devices 
have Schottky gates and are connected as shown in fig. (13.10.2a). 
Application of a negative gate pulse at Schottky gate terminal 1 
at time ¢, and-at gate 2 at time t, will give voltage waveforms 
at the output as shown in fig. (13.10.2b) if(t,—t,) is greater than 
the transit time (L/v) of the first two devices on the left, This 
provides the simulation of OR. If (ts —t,) is less than (L/y), then 
the waveform is expected to be of the form shown in fig. (13.10.2c) 
which is an AND requiring a threshold*.' If, on the other hand, 
(t, -t2)=% the waveform is also shown in fig. (13.10.2d) i.e. an 
AND operation. 


NOT gate operation and INHIBIT can’ be realised by the 
circuit shown in fig. (13.10.3a) where the total bias voltage is 
subcritical. A negative going input pulse at input 1 at time ti 
and another at terminal 2 at time t will give the output as shown 
in (13.10.3b), provided (t,-t,) is greater than (L/v). Note that 
the pulse at fs gives a “not” operation. If, of course, (ts - ti) is 
less than (L/v), the output would be given by fig. (13.10.3c), ‘since 
once a domain has nucleated in the upper diode ; the total voltage 
across the lower diode is so small that the gate pulse is unable 
to bring it above Vr. Hence an inhibit operation is obtained. 


* Note that such waveforms may be obtainable in cases where the NL 
product is on the lower side. Ina subcritically doped diode, the domain may 
not mature during the transit time. The second pulse only enhances the 


maturity. 
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Similarly, in (13.10.3d), the pulse at t, is inhibited that occurred 
after time t,. 


b 
(tzt) >L NOT 
(b) OPERATION 
ty ita 


(teti) <L AND 
©) OPERATION 


(4-12) < t9 INHIBIT 
(0) 


Fig. 13.10.3. (a) Shows the TED Circuit for the operations men- 
tioned in (b) NOT (c) AND (d) INHIBIT. 


Next, we consider a memory circuit, as shown in fig. (13.10.4a). 

‘The voltage across each diode is less than Vp, Application of a 
Negative going. set. pulse produces a Voltage waveform at the output 
of the first device. as shown. in the diagram. When the domain 
traverses the notch region, a sharp, negative pulse peak .is obtained 
inthe: waveform, -At this Negative peak the second diode domain 
is nucleated when, a similar waveform is obtained at point 2 which, 
in. its turn, being coupled to the first diode input, turns the first 
diode, on in time, Thus a, set. pulse keeps. a -bit stored in, A 
POSitive going reset pulse of. suitable amplitude can; inhibit the 
firsti diode from! domain nucleation when the memory would be 
Cleared. Another memory circuit is shown in fig. (13.10.4b), where 
the device is also biased subcritically, but the load has a capacitance 
across it.. A negative going set pulse nucleates a domain at the 
cathode end. The device Tesistance increases due to the presence 
-of the domain ; hence the device current drops. The condenser 
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discharges through the cathode resistance to-la ‘voltage: at A, as 
shown in the fig. (13.10.4c). When the domain has ‘reached the 
anode, the device current, rises but the output voltage from A rises 


Lg 


f 


Fig. 13.10.4. (a) Shows- an astable type of 
TED memory circuit, (b) shows another TED 
memory dependent on RC product for its 

+ operations. ; 


slower than the current. But during this time diode, bias is greater 
than Vr, so another domain nucleates at B when the output voltage 


again falls. This continues until a positive going reset pulse forward 
biases the Schottky to inhibit the domain formation. : 
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Problems 


1. 


2. 


5. 


6. 


If in fig. (13.7), the static and dynamic cha racteristics of the 
device is as in fig. (13.7.4) draw the voltage waveform V and 
form the expression for this voltage to ground. Assume the 
device is of length L and has unifrom cross-section. 

Draw the current pulse’ waveform in quenched domain mode. 
Assume domain is formed at E,-E,=3'2x 10° KV/cm and 
quenching occurs at E=B,=0°5 Ep instantaneously. Assume 
a diode 100. microns x 10'sq. microns and the bias voltage is 
8'2 volts, with vp= 2x 107 cm/sec and diode doping 10*5/cc. 
Assuming that the domain acts like a constant’ capacitance 
Ca, establish that the domain charging current ig is related 
to the circuit current i by ig=dQ/dt=i-I, where I, is the 
current corresponding to the valley velocity. 

In quenched domain mode operation with the load as a series 
resonant circuit, assume the domain capacitance Ca constant 
and neglect Cy. Draw the domain charge versus time. Note 
that it should be part of sinusoid since Cg forms part of the 
resonant circuit. Hence draw the domain current. So, draw 
the circuit current waveform. Note that the maximum value 
of circuit current can be given by imax Ro= EpL land the 
domain is discharged completely ie. ig=0 at i=l Draw 
the device voltage viz., applied voltage minus the circuit 
voltage. Show that the domain discharge requires a delay. 
Show that in LSA mode the gain exponent can be expressed 
AS wed, = 2won On while the loss exponent as w5a—2u.Op where 
won 880=9N Ti. Since for LSA, G=G,.G,=exp (- ô) and 
g=1is required, show that 2 (wen On — w 7) =, find its value 
if uo =3%n- Note that this gives a possible range of conduc 
tion angles for a certain device working in LSA mode. 


Show that in fig. (13.7.4) b, COS On= (b,-1) while for “o= 3uln 
[b, cos 0p- COS (09+ @n)] =3(1 - a). 
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8. 
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Draw the current waveform from Piece-wise linear’model as 
discussed in the text for LSA mode. Find -thè efficiency using 
the current and voltage waveforms in this mode. 

Show that the power output per electron normalised to 
threshold power (g E,.v,) can be written as 


: s 
[ j a v b, cos 9 do/2a¥] in LSA mode where the symbols have 
their usual meaning. 


Since dE=B,b, sing de and the total power P, for all the 
involved electrons‘is in the same proportion to the threshold 
power P=[,Ey.L, show from the result of problem (13,8) by 
first integration by parts and substituting Properly that, 


Ri 2r at) dv 
(F2)~ -f b,* sin? 9 EA 46/2n uo. 
Using the results of problem (13.9) with 5=0 and o= 3%, of 


problem (13,5),®show that Pa/P =b," [4 sin 26n—sin 8 On/12n], 
P, being the fundamental R.f, power. 


Chapter 14 
MESFET 


It has been noted in Chapters (9) and (11) that the figure of 
merit of JFET and MOSFET can be increased by decreasing the ` 
channel length. This led to the investigations on short channel 
length JFET and IGFET. It has also been shown that in special 
structures like’ the’ D-MOS' and ‘V-MOS, certain technological 
advantages are obtainable in increasing the power and frequency 
performance through increase’ of channel width and decrease of 
channel length respectively. “In article (9°3), it has been shown’ that 
the material conductivity alsó. plays a prominent’ role in frequency 
and power performance of JFET. Low resistivity channel is expected’ 
to decrease channel noise. j I 

In both the JFET and IGFET the minimisation of input and 
output capacitances are necessary to improve the frequency perfor- 
mance. It should be noted that the gate bonding pad to substrate 
capacitance adds to input side as also to the output side. A high 
resistivity epitaxial buffer layer can be used to isolate the current 
carrying (active) layer from the substrate thus minimising these 
capacitances. This, in turn, is expeeted to minimise noise as well. 

On the other hand, a channel of a high mobility material 
would always give a higher Zm (cf. equation 9.1.13 and 11.2.6). In 
the saturation region of FET the field in the pinch-off region is 
normally in the saturation velocity range. Hence a material with 
higher saturation velocity is expected to give a lower transit time. 
For high power, a high breakdown voltage of the material that is 
a higher E, material will be useful. In addition, the source drain 
dopings can be made N* on N that would minimise parasitic contact 
resistance as also will increase drain source breakdown voltage. To 
lower gate metal resistance under the long gates in multigate high 
short gate branches can be used. This would 


power devices, 
n turn. For better heat sink, flip chip (planar 


decrease the noise i 
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construction inverted) mounting can be used, thus decreasing the 
thermal resistance and minimising ground source lead inductance. 


IGFET, of course, has advantages over JFET in that for 
N-channel MOST the gate voltage can swing from depletion mode to 
enhancement mode without any gate bias requirement, Moreover, 
inthe active region of an enhancement mode MOST, the input 
capacitance and transconductance are almost independent of gate 
voltage and the output capacitance to drain voltage. This gives very 
linear (class A) power amplification with low amplitude and phase 
distortion. Unfortunately, practical short channel ( < 1 micron) 
IGFETs, so far studied, are mostly of silicon material and with GaAs 
there has only been limited success (cf, ref. 1). 


The above discussion points to the prospective member as 
JFET for high frequency and high power purposes, while Si and 
GaAs for which the technologies are well established, are the only 
two materials, with which large number of devices have been 
constructed and. studied. GaAs has six times larger mobility and 
two times peak drift velocity than Si; hence whih GaAs higher gm 
and less transit time is expected. It has higher band gap ; hence 
has higher breakdown voltage than Si, a. higher E, that can give much 
higher resistivity (greater than 107 ohm-cm) substrate. In contrast 
to Si, it has self-ballasting capability due to increased resistance 
before burn out. In addition, polycrystalline GaAs passivation is 
possible, can give into self aligning ; thus enabling reduction of 
input and output capacitances. 

Schottky barrier on the other-hand has higher input impedance 
than a p-n junction. The above ideas led to the invention of short 
channel Metal Semiconductor Field Effect Transistors (MESFET s) 
using GaAs. These are, basically majority carrier devices made of 
N-type channel region, the cross-section of which is controlled by 
a reversed bias Schottky metal gate. JFETs has not yet been able 
to compete with the; MESFETs mainly because of technological 
limitations of fabrication of channel lengths shorter (less than 0'5 
microns) by diffusion. For,a good understanding of the performance 
capabilities of the GaAs MESFETs and comparison with the other 
members mentioned above, the reader should consult ref. (1). In 


the next. article we discuss the operating principle of submicron 
length GaAs MESFET, i 
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14.1 Principle of Operation 


It has been mentioned that the MESFET is a Schottky barrier 
controlled metal semiconductor junction FET. For an understanding 
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Fig. 14.1.1. Shows (a) the depletion region and channel 
in the MESFET, (b) field in the channel region, (C) the 
corresponding velocity, (d) the space-charge correspon- 
ding to the point ‘T’ in the I-V characteristics in (€). 
[Ref. C.A; Liechti @) Copyright 1976 IEEE, Trans. 
MTT-24 by permission] b 
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of the nature of charge, field or velocity veriation within the 
channel region, an N-doped GaAs MESFET is shown in fig. (14,1.1a). 
It is to be remembered that: GaAs has a velocity, field characteristics 
as given in fig. (13.1.1). That is the carrier drift velocity reaches 
a peak value vy = 2-2 x 107 cm/sec at a field E,=3'2 kv/cm, decreases 
‘thereafter to a value ofw} = 107 cm/sec at about a, field E,=20 kv/cm 
and then it remains nearly constant. Obviously, then at very low 
values of applied source: -drain voltage Vg the current will be 
proportional to voltage. But when Va,increases to a value such 
that in the constricted region of the channel, critical field E, is 
exceeded, then the current is expected to be well in saturation region, 
For this situation, the channel field, electron drift velocity in the 
constricted channel region and the space charge therein are shown in 
‘figs. (14.1.1b-d). This situation Corresponds to saturated current, 
‘well inside, as shown in (14.1.1e) by the point T. That is, for 
appreciable applied voltage Vz, in the constricted channel region, 
‘the field is greater than the critical field E, where the carriers have 
low velocity. ‘At the point of highest field, the carrier concentration 
is equal to the dopant level concentration. On either side of the 
point of highest field the carrier velocities are higher, Hence, on 
‘the left of this point, more ‘Carriers accumulate than that can be 
drained by the highest’ field Ej; atthis point, Similarly, more 
carriers are drained out from the Tight side of this point than those 
given by the maximum field (En) point velocity, resulting in a 
‘depletion region on the Tight of this point. Thus: we see that, 
in the constricted channel region a stationary dipole is formed, 

It is to be noted that earlier on the voltage scale, when current 
reached just saturation Corresponding to the point S in fig. (14.1.1e), 
there was also a very small dipole and this was due to a small differ- 
tence between the fields at the inside and outside of this region. Since 


in all cases of saturation including the initiation, Butchers equal area 
tule i 


Ea 
E (v—v_) dE = 0, (cf. fig. 14.1.2), 


holds, this obviously gives the maximum field E,, for stable stationary 
domain formation. From this equal area rule, we can conclude that, 
starting from the low field, the saturation was reached when the 
highest field just exceeded the peak field E,, and E, — the outside 
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domain field was nearly equal to the maximum field E,,. This indi- 
cates that the depletion region under the Schottky gate in GaAs has a 
flatter boundary than in a Si MESFET which obviously would be of 
the type as discussed in JFET (cf. Chapter 9). -Since nearly equal 


Fig. 14.1.2. Shows the velocity field cha- 

racteristics of GaAs and Butchers equal area 

rule as related to different fields in the 
device. 


field implies nearly equal velocity, hence nearly equal channel thick- 
ness is required for the same current to flow just at the onset of 
saturation, But it is to be remembered that as soon as the little 
domain formed, most of the voltage drops across the domain, the 
channel widens a little on the left of the domain because of the re- 
duced Schottky gate bias at this region of the channel, thus letting the 
same current to flow. This happens because for a certain current the 
channel thickness and channel velocity product is to be constant ; 
while high mobility and short gate give comparatively smaller voltage 
change across the channel region compared-to.that occurs with silicon 
due to field readjustment ‘under the gate on the léft of the space 
charge. it | 

With increase of Va, the maximum field increases which drops 
more voltage, thus E,, the outside” domain field: drops further as 
required by the equal area rule. The drop in E, value decreases the 
reverse bias on Schottky gate at the left of the high field region thus 
widening the channel thickness in this region as required for increase 
of current in the saturation’ regions with increased. source drain 
voltage Vg. Thus in the saturation region, the domain formed in the 
constricted channel dictates the current voltage characteristics. 


On the other hand, in this region the channel depletion on the: 
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right of the maximum field must extend well out of the gate edge at 
the drain end. This is because we have noted (cf. Chapter 9) that 
even if the material was Si instead, under current saturation, there 
formed a depletion region’ on the right of the maximum field. GaAs 
has a typical velocity field characteristics that makes this effect more 
pronounced. The stable static domain growth so the accumulation 
of electrons is dictated by the equal area rule. But the doping level 
is fixed ; hence the dealetion extension on the drain side is the only 
variable to compete for total charge neutrality of the domain. 

As a matter of fact, rigorous computer calculations indicate 
that it is reasonable to take the extension of the gate depletion beyond 
the gate and by about the domain width since it is this portion of the 


Empe =- ese eo ee 


Fig. 14.1.3. Shows in (a) the depletion region and space 
charges and (b) the field along the channel region: 
[Ref. M.S. Shur, by permission. Copyright © 1978 IEEE. ] 


space charge that compresses the domain to the required size so that 
the domain produces the correct field to avoid its propagation. When 
the gate becomes more negative the Schottky gate reverse bias increa- 


-= 
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ses all through the channel length.. This decreases the channel thick- 
ness further. In the space charge regions, the domain drops more 
voltage in addition, leading to an overall current reduction and an 
increase of the depletion width on the drainend. This characteristic 
is showa in fig. (14.1.le) as curve D. 

From the above discussion with fig. (14.1.3), we can easily find 
out the current voltage equation of the GaAs MESFET. Solong the 
conditions in the channel is in ohmic’ low field region, the current flow 
can be described as for JFET before saturation, That is if the voltage 
drop across the gate region along the channel (V,), is less than the 
domain sustaining voltage 


V.=E,L s (14.141) 


the channel current voltage relation can be written from equation 
(9.1.11) as $ 


Ly gol Va = $(Va+ Va + Vo) — (Vo + Ve) HCV] e. (14.1.2) 


where Zo = (a WugN)'L wes (14.1.3) 
is the open channel conductance, and 
Vp=(QN a?/22) s+ (14.1.4) 


is the so called channel pinch-off voltage. Normally 
Va & (Vo +V), when equation (14.1.2) can be approximated to 

T,=gaVa (14.1.5) 
where 8a=8oll— J(Vst+Vo/Vo 1 s+ (14.1.6) 
The saturation current is given by the equations (14.1.5) and (14.1.6) 
when V,=E,L, that is the voltage required for domain formation by 
satisfying Butcher’s equal area rule. But as discussed previously this 
voltage settles down to the domain sustaining voltage V, =E,L due to 
the increase of the depletion beyond the gate. Hence the saturation 
current becomes 

I,=gaVs ses (14.1.7) 

The transconductance in the saturation region is obtained from 
equation (14.1.2) as j 


= gol(V. + Vo + Va)? - (Vet Vo) I/V»? 
acces (A18) 


-îl 
Em =V, Viv. 
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Since in short channel MESFETs, V,<(V,+V,), equation (14.1.8) 
can be approximated using equations (14.1.3), (14.1.4), (14.1.1) and 
Ys=uE, where E, is the domain sustaining field nearly equal to E, 


of figure (14.1.2), as 
Em =W vslgNe/2(Vp + Voi? we (14.1.9) 


The depletion charge under the gate Q,, below current satura- 
tion, can be obtained from t(x), the depletion width as function 
of x, as 


iL 
Q=gNw Jo t(x) dx wee (14.1.10) 
where for t(x) we have like equation (9.12) 


#(x) = al(V(x) + Va + V/V] 04111) 


A first order approximation to the channel field is adequate 
(cf. ref, 2), where the channel field is assumed to be constant Eo = Ea 
=(Va/L) that is 


V(x)=E,.x “. (14.1.12) 


Suitable high doping combined with high mobility in MESFET 
allows this approximation to hold nicely (cf. ref. 3). Performing the 
integration of equation (14.1.10) with (14.1.11) and (14.1.12) and 
substitution from equation (14.1.4) for Vp With V,=E,.L, one has 


O56 Qo=2./F WL(e aN)*(V, + Va + VEA (Vo + V,)513V 


Rki) (14.1.13) 
‘which, for Va very much less than (Vs + V,), can be approximated as 
souh 14. Q= JE WLIS gN(V,+ V1 ists (1401.14) 


In this triode region the gate drain and source gate capacitances can 
be easily found from equation (14.1.13). For the first one 


Cuo =Q 
pops T aaie (14.1.15) 
while for the gate source capacitance 
-dQ | 
Se a Vea PONA (14.1.16) 
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These two capacitances found out with equation (14.1.13), can be 
written in approximate form as 


Ciso = Coso = WL [(E gN/2(V;, + var “+ (44,1.17) 
The figure of merit in the triode region can be found using equations 
(14.1.9) aud (14.1.17) as 


or =(Sm/Cyso) =(vs/L) s+ (14.1.18) 


Note that since it is not Vz, the drain source voltage, but) V., 
the voltage in the channel under the gate only, that’appears in equa- 
tion (14.1.2). Equation (14.1.13) is. valid for the saturation region 
also. In this region, the voltage drop across the gate section of the 
channel region V,=V,=E,L where E, is the domain sustaining field. 
In view of our earlier discussion, this is a situation -when the device 
iis well in saturation. 


14.2 „Equivalent Circuit 

Since in a MESFET in saturation, the domain is formed near 
the drain end of the gate, the domain capacitance through Miller effect 
¿can largely determine the frequency and speed performance. Hence 
it would be appropriate to discuss the MESFET domain characteris- 
tics before embarking on the equivalent circuit. The domain voltage 
drop Vaom has been found earlier in Chapter (13) for an uniform 
cross-section. The problem here is a little different in that it is under 
the influence of the Schottky depletion region. The wedge shape of 
this depletion results in the highest domain field, a little removed on 
the drain side from the drain end edge under the gate electrode. This 
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Fig. 14.2.1. Shows the ideal assumed boundaries 
of the differently charged regions in MESFET, 
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46 a result of the field lines between the gate edge to the domain deple- 
tion. For ease of analysis, some simplifying assumptions are neces- 
sary regarding the share of the various charges to the different vol- 
tages. Fig. (14.2.1) shows these charges pictorially with their 
assumed ideal boundaries. In this figure, Qaom is the assumed domain 
depletion charge, Q, is the Schottky barrier depletion charge under 
‘the gate metal while Q, is the shared field caused depletion charge 
„beyond the gate metal. It is this charge that controls the domain size 
-go that the domain is inhibited from moving as also from growing 
further than just necessary to let the required, current to pass 
othrough. 

‘ Turning our attention to’ the stationary domain, in equation 
‘ (13.5.5) if the velocity of the moving frame is set equal to the 
particle velocity external to the domain, then J=qNu and the left 
hand term drops out. Integrating the resulting equation between 
E, to E and substituting p for accumulation of charge we have 


log [e?/(1 +Pl=p,N lk |») - wE.) |æ ws (14.21) 


where P=(,/9N) see (14.2.2) 
- Equation (14.2.1) gives the Butcher’s domain space charge equation. 


In view of the identity (13.5.8) and fig. (14.2.2), the integral 
on ‘the right of equation (14.2.1) is the area ABCD in the figure, 
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Fig, 14.2.2.~Shows the integral in 
equation (14.2.1) as area ABCD when 
Ea in large. 


So, the equation (14.2.1) can be written with a little error (cf. 
ref. 4) as 


log [e”/(1 +p)] = 4 (Bo-Es)(Em—E)/QDN «+ (14.2.3) 


MESFET 403 


Since Em > Es, equation (14,2.3) with ovation (13.5.8), on division 
gives 


log [e?/(1 += N (17 B/Em) os (14.2.4) 

where n= (EuE,?/qD), s+ (14.2.5) 
which for small values of p, that is small space charge, gives 

: pind me (1 - EFE,) as (14.2.6) 


Small ‘space charge case is seen to be (cf. ref. 4,5) adequate in 
MESFET approximate description. 
Domain voltage can be found from (cf. ref, 6) 


Van- | 5" (B- Es) dx vs (14.207) 


Since E; < Em and pote while the space charge given by equation 
(14.2.6) is symmetrical, we have from equation (14.2.7), normalising 
with Em 

Vaom = 2€ (Em — “Bt PTE 0 Em ala ) aed (14.2.8) 


Substituting for p from equation (14.2.6) and integrating, we have 
Vaom= 1'898 (Bm — Es)*/7 Jn, JN s (14.2.9) 
Symmetrical. domain “width d, obtained by integrating Poisson’s 
equation with p from eqn. (14.2.6), can be written with equation 
(14.2.9.) as 
d= 2-06(¢Vaom/9 Jin JN)* +» (14.2.10) 
Using equation (14.2.9), ignoring E, the domain charge can be 
obtained as : 
Qa = Ema = to)W= (a = to) W(0729 98 Jn, IN Vaom)? 
s+ (14.2.11) 
where t, is the depletion region thickness at the domain location 
“and is given by equation (14.1.11) when V, < (Vs + Vi). 
The domain resistance can be obtained with equation (i 7) 
sas 


404 SEMICONDUCTOR DEVICES 


4 LIV idm ienps 2 » Naom | k= 
Raom SIs |V, const. gal ôEo I'y, const. (42-12) 


since it is E,, the external domain field that readjusts to changes to 

‘settle down to E,, using the identity (13.5.8) in its approximate 
form E,*=E,,(E, — Es), noting that 4(E, -E,)=6E, and eliminating 
" Ep using (14.2.9), we have from equation (14.2.12) 


s 3 

| Raom= = (VE Vaomi)/g2 DW(a- te) (nN) +> (14.2413) 
In fig. (14.2.3a), the different distributed circuit elements are 
lumped at locations that enable, visualisation of their origin. The 
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Fig. 14.2.3, Shows in (a) the locations when the elements are lumped. 
» ©) the corresponding equivalent circuit (Ref. 6, by M. $ Shur) 


equivalent Circuit of fig, (14.2.3b) can be compared with it, The 
series elements Roe ‘and Coss Coa and Roa as also the substrate 
resistance Rsu, are distributed ‘elements, lumped between intrinsic 
source S’ and intrinsi¢ drain D’ points. Normally, RyusS>|Raom| 
while for short channel MESFETs (of the order of micron) (1/ga) the 
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drain, resistance tends to smaller value: withdecrease/of.cliannel length, 
So, the combined effect of the three parallel- resistance tends toʻa 
small positive resistance. R, is the source series resistance that 
effectively reduces g according to gm effective = gm/(1'-+ Rs8m)- 


The different capacitances that appear in the equivalent 
circuit can be defined for the saturation) region of operation as 
follows : ( ; 


| Sa(Q + Qi) | wy 
Ca GV, ) (Va + V,) consti s+ (14.2.14) 
AAR DOPE WN DEVIL 42.418 
j X 7 ¥ Bailar i t aio ( 7 J 
i and A PA const j bE) 9079 : iant (14.2.16) 


where Q, is the depletion field shared charge and can be found by 
assuming that the depletion region extension beyond the gate is 
proportional to the domain width © “ a 3 ; j 


gil) eau. 


fit af pWaredrot Vila? oxi2 sg 3 B 84.217) 
Spade''charge profiles,’ ‘Benérated"by rigorous computer calculations, 
justify ‘this assumption’ with 'u of the° order’ of 'unity. Presumably, 
this ‘originates from'thé property of the” domain to "spread: up to 
fill the whole*eross-section (cf? art, 13/10). The charge Qi therefore 
can be written ag?) to Mib nöhakqab ‘or i egisilo ‘boeogxs 


mores 


| Qe N io daW ,. 


2 


xo Oto tadir j 
From equation (14.2.15), Ca can be found ‘out easily by noting 
that V, is constant while V, is very much ‘ess than either Vaom Or 
(Vs +V) oF both in the region when we have the source drain 
Voltage Va = Vaom and using equation (14.1.13) for saturation region 
with constant V, Which is invariant of Vaom. 


Hence On 9} vill (4.2.19) 


From equation (14:2.18) with (14.2.10), (14.1.11) and (14.1314); we 
have 
; Coax 146a WIN(Vo + Vo)/ Van]? ar) (14.2.20) 
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Caom Cam be found: from ‘equation (14:2.16)' with equation (14.2.11) 
aso! e £ 

Cavm= 0-364 W(a—toXGe Vtg /N/Vaon)® ov» (14.2.21) 
while 
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EA NASA 
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CTV, 


(Vat Yo) 
a = SWHegN/2(V, + VÈ + Ciafy Zye- (N) 


{ 


Vit Vo 


since (V + Va)=constant implies 5V,= - 8Va=-8Vaom- The student 
should consult reference (3,4) for- experimental verification and 
limitations Of the above parameters of the equivalent circuit. 


14.3 ‘Design Considerations 

„. , In this article, we discuss the design criteria of MESFET assu- 
ming’ that à stationary large size fully developed domain is present in 
it along the lines described in reference (6)...From:the above discus- 
sions (cf, fig. 14,2.1—distance. CA and CB) where Q, terminates on 
the negative gate ; hence the depletion field near. the middle of the 
gate. is:expected to be higher than the domain field since for the same 
exposed charge density, the depletion width of (Q,+Q,) is greater 
than that Of Qjom. While experiments show that light emission at 
the’breakdown of MESFET occurs between the gate and drain. This 
indicates that the domain breakdown may be the cause of device 
failure. This discrepancy can be explained by the results of computer 
calculations using field dependence of ionisation coefficient (cf. ref. 5). 
The field at which the breakdown occurs is considerably higher in the 
totally depleted narrow region under the gate compared to the break- 
down field within the quasi-neutral (cf. equation 14,2.6) relatively 
wide high field domain. This is because the ionisation integral re- 
quires for a certain field, (hence a) a certain space. Hence’restriction 
in space requires high a; hence high field. Typical values of gate 
breakdown field Ep, and domain breakdown field Ez, used by these 
authors are 300 kv/cm and 200 kv/cm. The other physical parameters 
as taken by these authors /are’s=12'9/¢,, (Sze quotes 10°9), uo = 
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4500 cm*/V sec, , domain sustaining Field.: E,=1°89 kv/cm,.. nor = 
1°6 x 10**/cm® and y,=0°85 x 107 cm/sec. iA 

A few design criteria may be set from general considerations as 
follows (cf. ref. 6) : 

(1) The source drain voltage Va is nearly equal to the domain 
voltage. So, it should not exceed the domain breakdown voltage, 
BVa. That is the domain maximum field should not exceed domain 
breakdown field Ezp. ; 

(2) Considering biasing on the transfer characteristic, for class 
B operation, maximum gate swing can be equal to twice the pinch-off 
voltage, since forward biasing of Schottky gate is to be avoided. At 
the negative peak of this swing breakdown under the gate should not 
occur: Hence twice the pinch-off voltage should. be less than the 
gate breakdown voltage BV,. i 

£ 1(3) The operating frequency will be less than fr (cf. equation 
14.1.18). But the actual device fr is expected to be lower than the, 
intrinsic fr because of the presence of the extrinsic parameters, 
(4). The gate width W should not exceed a certain fraction of 
the wave-length in the medium. Otherwise, quite a few additional 
effects are expected to interfere in the performance. | 

(5) The thickness of the open channel ‘a’ should, not, exceed 
half of the gate length. Since the effective gate length Lor=(a+L) 
would otherwise increase considerably worsening the frequency res- 
ponse, Computer studies (cf. ref. 1) show that for, submicron MES- 
FET, decrease of gate length increases ff while the output resistance 
decreases, The limit is reached for (L/a)=1. Therefore, a factor of 
two safety is reasonable. 

Since E, is very much greater than Es, equation (14.2.9) gives 
the maximum domain field, which should not exceed the domain 
breakdown field Ba, mentioned in criteria (1) above. Hence, we have 
from equation (14.2.9) 

Va < 1:89. B3,2/9 JM /N=BYa oe (14.3.1) 

On the other hand, to house the fully developed domain the 
drain gate spacing da, should be at least greater than the. domain 
width. That is from equation (14.2.9) and (14.2.10) 


dan > d= 2'83(é Eavlg V2, VN) neve (1, 342) 
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From the restriction (3) above and equation (14.1.18), we can 

write 

iG L=(6 vola fz) +- 1(14.3.3) 

where o is a fraction. 

Equation (14.3.3) with the restriction (5) above gives 


y 


beeove @=(L/2)=(6.¥3/2nfx) -se (14.3.4) 
While restriction (4) gives 
W= =Ki=(Ke/fr Ve) + (14.3.5) 
From restriction (2), we can write 
vcore 2V, < BVa = (€ Ens */24N). a (14.3.6) 


sincé a ‘step junction’ approximation canbe made of the gate deple- 
tion. Equation (14.3.6) with equation (14.1.4) for Vy gives 


\Na <e Egg /2 © 3 => (14.3.7) 
which with (14. 3.4) gives” z 
O NEH Sne Én)logy, \ + (14.3.8) 
Substituting N from equation (14.3.8) in equation (14.3.2) above 
day = 134 (6 €v; Bay?/q n Eo fx)? ša (14.3.9) 


while with’ equation (14.3.1) gives 


_BYa=0: I(E vs 6. Ean*/Qnz Egy fr) +++, (14:310) 
The maximum power capability, on the° other hand; would be 
limited by ‘the maximum source drain voltage BV, the open channel 
current I, and the class of amplifier operation. Hence 
P<bI, BY; . (14.3.11) 
for Class A operation (I,/2 /2).(BVa/2./2) hence b=1/8 while for 
Class B operation (I,/ ,/2)(BVa/2/2) hence b= 1/4. We have for I, 
L=4 Nna W s+ (14.3.12) 
Hence from equation (14.3.11) with the above equations 4, 5, 8, 10 
and 12 we have 
P=0°646Kc (E°, 9 Ey, Bas‘/an, fr? e)? = (14.3.13) 
So, the power per unit gate width (P/W) can be found from (14.3.13) 
with (14.3.5). The diode impedance can be calculated as 
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Z=(BVa/1o)= 1°27(@fa/E0°4 Eo Me V)? (Boa? /Ke ) > (143.14) 
Hence the power impedance product can be found from (14.3.13) and 
(14.3.14y)" 

| (PZ=0'81 (bige v, Eà,*)/(gn. Evo fr) s+ (14.3.15) 

For MESFETs having gate length less than one micron, how- 
ever, a different physical situation occurs and hence the above design 
procedure may not exactly be applicable for such MESFET. 

For MESFETs’ less thái” one micron’ gate length; the carriers 
passthrough the high field region ini too’short a time in’ which’ inter- 
valley scatteting is’ unable ‘to cause velocity moderation effectively. 
That is the carriers do not’ séttlé° down: to “the /équilibrium ‘velocity’ 
within’ their transit’ time’ through” the’ stationary domain region. 
Hence, ‘for “such MESFET the equilibrium velocity field characteris- 
tics do not apply. That’is the cariers getting accelerated can (cf. refi)! 
possess’ velocities very” much higher than the peak velocity ys, The 
velocity overshoot'shortetis'the electron transit time through the ‘high 
field ‘region’ and’) shifts’ the a@ecumulation’ ‘layer! into! the:drainigate 
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Chapter 15 
HETEROJUNCTION 


A- junction formed between two semiconductors of different 
energy gap is called an heterojunction, Shockley (1) in 1951 propos- 
ed that these junctions could be used as efficient emitters in bipolar 
transistor. - Kroemer (2) in 1957 suggested their high injection effici- 
ency possibility. In. 1960 Anderson (3) first, fabricated and studied 
these junctions. Since then these junctions have attracted the atten- 
tion) of physicists and engineers because. of their having. interesting 
useful properties.arising out, of discontinuities in the energy. band 
at the junction: Heterojunctions are of two types.).A junction formed 
of, materials; having similar. type of conductivity (n or p) is called 
Isotype while a junction, formed of dissimilar conductivity type 
materials (n-p or p-n), is called an anisotype junction. There are 
controversies regarding the fitness of the convention to be used for 
the energy band:model (4) regarding allocation of the discontinuity 
either in the so-called vacuum level or in the intrinsic level... We 
shall follow here Anderson’s approach that assumes the vacuum level 
to be continuous. 


15.1 Abrupt Anisotype Junction 


_ Here we study the anisotype junction of two semiconductors 
having different band gaps (E,), electron affinity (y), work function (4) 
and dielectric permittivity (£). The different physical constants 
for the two semiconductors when they are separately placed is shown 
in Fig. 15.1.1(a). When the junction is formed, the Fermi level 
equalises. The N-type material in this case spills electrons in P- 
type material. This causes the N-type material.to have an electron 
depletion region and the P-side to obtain an electron accumula- 
tion region. This fact is depicted in Fig. 15.1.1(b) by appropriate 
bend in the bands at the junction region. Further, the energy 
band diagram must satisfy the continuity of the electric displace- 
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ment vector perpendicular to, the junction surface (interface charges } 
being ignored). Starting from the Poisson’s equations for each uni- 
formly doped regions, one can easily show (assuming step junction 
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Fig, 15.1.1. (a), Shows the. materials with their different physical constants when 
they are separated. (b) Shows the equilibrium energy band diagram after junc- 
tion formation. 

[ The sign °N’ in the Diagrams is represented in the Text as ‘y’.) 
approximation) that, the: depletion ‘region voltages Vy and V3 in P- 
and. N-regions .. respectively, can be expressed’ in. terms of) their 
supporting distances d, andvd, as, 

Vi= —(gNads?)/2€, and Vz=(GNady*)/26 2 pe 151,12) 
V, and V being measured with respect, to the interface.as zero of 
potential. 

Continuity of displacement perpendicular to the junction sur- 
face requires je ails à eiiis 
-35iri z Ni di=Naid, J Booms 19 ont Je ebxnc(1$.4s2). 
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Conibining eqiiations (517 and (15.1.2) gives the relatio Between 
eer Voltages Oe ORe 


V [Nasi = VaNaes AE ETS T.S) 
Using =) — iV =V V; and-d=dz+dy- === 2 (15.4) 
equation @. 1.1) with (15.1.2) gives 4 8 
4 r ; r 
Eu ‘28 ENa Na Va” [Not Na CAUR WA 
| d- -AEN Pea -e AS 
The jutiction capacitance can be found from thë eduation a L 
E a MBS A ie ileal E 
nge oe Fis TEES 
4a’ being the area, and can be expressed G 
F Bi qN No88 orts 
EE oy a liN Sai a Sok Oi 


Interfage states “being: ignored, therxelative movement*of the 
Fermi levels Er, in N-type-material and Er, in P-type material must 
accommodate the total diffusion potential V Wa ex 
Hence, we can waite Saar tr E y o oea «— (15.1.7) 


Equating the energy sanit Karny from the F.L. in N-type 
bulk to F.L. in P-type bulk via thy « conduction band edges, to zero 


ae) VAB avı- ~ 6, - ¥1)=0 ee (15.1.8) 


ui it is remembered that V, is Beeative hence —gV, represents an 
energy rise. 


Using equations (15.1.8), with’ equations (1521.7) and (15.1.4) 
we have, 
AE, = pampa i a (15.1.9) 
Similarly equating -the energy change to zero, in’ moving via the 
valence band edges from F.L. in N-type bulk to F.L. in the P-type 
bulk, one has, using equations (15.1.7) with (15.1.4) and (15.1.9) 


4E, + 4E,=Ejo-E,y + (15.1.10) 
From equations (15.1.8) and (15.1.10) we have 
4E,= Ege - Ey, — (%1 - va) s+ (15.1.11) 


If interface states exist, the above idealised relation get modified. The 
energy bands at the interface moves on supplying the necessary inter- 


HETEROJUNCTION 413 


face charges but the 4E,,step.is still given by equation (15.1.9) though 
the equilibrium, mobile population at the interface is largely con- 
trolled by. these states. ; nt 

An example:of a P-N heterojunction of the above type is P-type 
Ge on N-type GaAs, where the values of the different constants are y, 
=4:13 eV, E,,=0°67 eV, Na=4;x 10+° per.cm®, y, =407 eV, Eg = 
1°45 eV and Na = 404° per cm® while the relative dielectric constants 
are 16 and 11°5 respectively. “In this case 4E,-0°06 eV. Semicon- 
ductors with good lattice-match are to be considered -as useful pairs. 
At the interface between the two semiconductors there can be bending 
of energy bands and extensive recombination of minority carriers that 
become large enough for interface state densities greater than about 
10%? per cm*.” At present interface lattice match is regarded good if 
it is a small fraction of 1 percent. For example in the above pair Ge 
has 5°658 A and GaAs has 5:654 A as their room temperature lattice 
constants. 


152 Anisotype Junction Current Voltage Relation 


We discuss here the current voltage relation ofanisotype hetero- 
junction ignoring the interface states following the Anderson model. 
In this model it is assumed that’ the current is due to injected minority 
carriers. ‘The injection level is small enough such that the current 
is entirely due to diffusion of minority carriers. 

An external applied voltage V, changes the depletion region 
voltages (cf. Fig. 15.2.1) by Va, and Va, such that Vi=Vort Vans 
while under forward bias (P-side positive w.r.t. N-side) the depletion 

(region voltages are (|V, |- Vai) and (Vs -— Va,) respectively. Also 
from equations (15.1.3) we have ~ i j 

OET AROAN A 9S 

(ESED fence Va, = Va/0 s SISA 

A owhere °° 0=[1+(Na 84/Nw Ei) x ee 
‘That is, the fraction of the applied voltage effective on the wide 
gap side is more than that on the narrow gap side for Ng @3ZNa &1- 
From Fig. 15.1/1(b) it’ can be’ visualised that, ünder forward: bias 
condition, the barrier to electron ffow from the wide gap material 
to the narrow gap material is much less than the barrier for hole 
flow in the opposite direction. Therefore, only the electron flow 
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needs to be considered. Under equilibrium condition this current 
across the junction is zero. The barriers, on either side of the 
interface, presented to electron flow under equilibrium are qV, and 
S(4E;- q| Vl) for flow from 2-1 and 1-2 mediums) respectively. In 
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Fig. 15.2.1. Band diagrdm of P-N heterojunction. 
Bold lines show unbiased state, dotted lines show 
forward biased state. 


equilibrium condition the two oppositely directed electron currents 
must equal, resulting in zero net current. This can be stated as 
A, exp(—qVa/kT)=A, exp—(4E,+9|ViIWAT ++ (15.2.2) 
“where Ajjand A, depend on the doping) levels and effective masses 
of the electrons in the respective mediums. Considering the forward 
biased situation, the energy barriers would be g(V2—Vas) and 
[4E,- 4 (|V s l~ Var)] respectively form the N- and P-type materials. 
_ Hence the unidirectional electron flux can be written as 
Ag exp “QV az Vas)/KT Hi A, exp- (4E; 7q Vi I = Vax)/kT 
! : suco (15.2.3) 
which with equation (15.1.13) gives the forward bias current, as 
I=XAlfexp (— qV2/kT)] [exp (qVas/KT) — exp (qVa1/KT)] 

(15.2.4) 
where A, =XA and the constant X is the fraction of the forward 
current that have enough energy to cross the barrier called the 
transmission coefficient, while A is the propagation parameter 
determined by diffusion by assumption and can be written as 

A=49 noo Difin i 07 (15.2.5) 
where D, and z, are the diffusion constant and lifetime’ of minority 
carrier electrons. The ratio, of the two factors’ within the square 
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bracket of equation (15.2.4), indicating the strenght of wide gap in 
telation to the narrow gap material in controlling the current, is 
exp (qV./KT). For V, greater than a few times a, the effect of Vas 
is quite predominant. Hence the current is approximately exponential 
and can be written using (15.2.1) as 4 

I=XA[exp ( -4 V,/kT)] [exp (@ Valo kT)] a (15.2.6) 
The experimental current in both forward and reverse bias is 
sometimes much higher‘* or lower‘® than given by the above equa- 
tion. The transmission coefficient X in Anderson’s model was, 
therefore, extensively, studied including its temperature dependence 
under both forward and reverse bias. These studies’ brought about 
a few models to describe the current flow mechanism through the 

interface region, These are : : 

(a). The emission model, which combines the classical kinetic 
model to determine the emission current with a diffusion model 
that determines the extent of minority carrier build up at the 
depletion edges. (6) The emission recombination model, that 
assumes a thin layer at the interface having a strongly disturbed 
lattice with very fast recombination characteristics, while holes and 
electrons reach the interface via thermal emission over their respec- 
tive barriers. (c) In the tunnelling model, the current is obtained 
as the product of the tunnelling probability over the barrier and 
the incident electron flux of the wide gap N-region, while (d)—the 
tunnelling recombination model assumes band to band tunnelling 

` coupled with recombination. Donnelly and Milnes'™ ‘has attempted 
a synthesis of these models, while Anderson‘*) has classified the 
forward and the reverse currents, each one into-two types. The two 
types of forward current are thermal and non-thermal. Thermal type 
is one, in which the current carriers surmount the potential barrier 
to cross the junction and the current is of the form 

T=A [ exp (—9Voo/KT) ] [ exp (qValn KT) ] ss (15.2.7) 
where” Vso is the barrier voltage at the thermal equilibrium, n is 
a barrier parameter determining the rate of flow, ‘A’ being a constant 
depending on the model. The non-thermal forward current is 
at least partly tunnelling in nature and the general expression for this 

be written as 
He hoe Latbiexp [> Ve Nell (15.2.8) 


where a=(4/3%) (tn* é4[Na)? and Va is the diffusion voltage. 
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Similarly, the reverse, current is also- classified as thermal and 
_mon-thermal.,. Thermal generation, in or near, the depletion region 
produces thermal current. Carriers generated within the depletion 
region are removed by electric fields ‘while those outside diffuse to 
‘the-depletion region thus either get secombined or add to.the current 
flow. The non-thermal current under reverse bias is predominantly 
| tunnelling current and is given by the expression 


fe na te 14 ey E o PNET 15.2.9) 


where oe (ra e\/N,) Ea? 1. (152.10) 


» 


the-constants referring to the N-type materials. 


The energy band diagrams of P-N heterojunctions are largely 
influenced by the parameters y, ¢, Eg and charged interface states. 
Sharma Purohit‘ has listed four distinct cases with altogether seven 
possibilities for abrupt anisotype junctions when interface states 
are ignored and has given their current voltage relations along with 

-energy band diagrams. These four cases are for Ey, < Eye, the sub- 
script ‘1’ referring to the P-type material. 

(1) Yi < Ya with 1 < ba 

Case (a) Ya > (pat Eg) Case (b) Ya < (ps +Ega) 
; (D yı < ya < (p1 +E01) With 6. > ba 
QB) yı >ya With 41 > $a and (y, +Eg1) < (y2 +Ego) 
Case (a) Vai > AE, © Case (b) Vas < AE. 
(4) yi > ve With py < (pa Epa) <y: + Eji) 
Re Case (a) “Vai > AE, Case (b) Vai < AE. 
Astriod The energy band diagrams of N-P. heterojunctions can be drawn 
analogous to the P-N heterojunctions. Similarly there can be four 
, distinct cases when the relative, values of.y, and E, are considered. 
The above mentioned authors have listed these and have given their 
energy band diagrms alongwith current voltage relations. These four 
cases are for Ba, < Egs, the subscript ‘one’ tefering to N-type 
material. 
(1) yı > ve With ¢. > ġa 
Case (a) v1 > (ya + Ega) Case (b) yi < (ya + Ega) 
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(2) yi >ya with $, < $a and (y,+E,,) > (ya + Ega) 
(3) y, > ya With 6, < ġa and (y, + Ep1) < (pa + Eos) 
Case (a) Vaı > AE, Case (b) Vaı <4E, 
(4) Yı < Ya with (yı +E,,) > Ya 
Case (a) Va, > AE, Case (b) Va, < AE, 
For hole flow on forward bias, from P-type to N-type materials, 
it can be easily shown that this can be written as 
XA; eMqVat AE )/kT [ eAVGkT _ 1] 
where the constant A, refers to the mode of carrier propagation 
and X, stands for the fraction of the forward current carrying 
holes, that have enough energy to cross the barrier. Once within 
the N-type materials the flow can be taken as due to minority carrier 
diffusion, when the current due to this can be written for wide body 
as 
Ip=X,4q Faan [ exp -(qVa+ AEyy/kT| [ exp (e) = 1] 
(15.2.11) 
Using eqns. (15.2.6) and (15.2.11) the electron to hole current ratio 
can be given approximately as 
Toad Soe, J Dov [exp {g(Va = Va) + ABvHKT] -= (15.212) 
But except for the effective masses the ratio (nyo/Pno) can be written 
as 


Ne exp {(Boa = EvsW/kT) 


Hence (In/Ip) = exp (ABy +Eo2—E,1)/KT. This shows that the 
injection efficiency of some heterojunctions can be very nearly 


unity. 


15.3 Abrupt Isotype Junction 

These are junctions of different band gap materials having same 
type of doping i.e. N-N or P-P junctions, A typical band diagram 
for N-N heterojunctions is shown in fig. (15.3.1). In this case the 
materials being of the same doping type, the wide band gap material 
shown is depleted and the narrow gap material is accumulated. 
Here, interface states are assumed to be absent. In order to find 


27 
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the relation between the diffusion voltages on the two sides of the 
metallurgical junction we assume here Boltzmann distribution over 
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Fig. 15.3.1. Shows the equilibrium band diagram for an abrupt N-N 
heterojunction. 


the available states. Far away from the interface the mobile carrier 
‘concentration that equals the dopant density can be written for 
the wide gap (subscript 2) material as : 

Naa =N, exp [- (E.s —Er)/kT] 


where E,, is the conduction band edge energy at this far away point. 
At a point lying in the depletion region of the wide gap material, 
there is a deficit of this number. This deficit (Ng, -— n) is responsible 
for the positive space charge. Hence the space charge equation 


can be written from (1 - et = [|l -exp (E.+-E,)/kT] as, 
3 


dYa -Naaf 1— exp f (V= Vas) | s (15.3.1) 


Where V is the potential increasing to the tight, Vaa the positive 
diffusion potential and £, the permittivity of the wide gap region. 
Integrating equation (15.3.1) and evaluating the constant of integra- 
tion by noting that, at V = Vas, (-) =0 one has at the interface 
where V=0 


(ye as Elena VaslkT-1)] + (15.3.2 
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Similarly for the narrow band. gap material of uniform doping 
Naz the Poisson’s equation is 


ay =7Nn w exp V1 ] ee 15.3.3) 


dsi 
where V is ahu to be zero far away from the interface within 
the narrow gap material, Equation (15.3.3) is integrated “i the 
constant of integration can be evaluated by using, at V=0, (-4 is A =0, 


then one has at the interface, 


any = A Nos J EE ( oxp g Vas /KT=1) -Var ) ~~ (15.38) 


Using the above expressions for the interface fields in the two 
(gegions and equating for the continuity of displacements at the 
interface one can write 


nalete Loe te) 


Equation (15.3.5) shows that even for the same doping, so long V3, 
is a few (kT/g), Vas >Va. and the total diffusion potential 
Va=Vait Vaz is made up mostly of Va.. Hence the transition 
region capacitance can be found using abrupt junction approxima- 
tion and can be written as 


4 Nas£s ]t fh 
c=a[ ea (15.3.6) 


The above discussion shows that, of the total applied voltage V, 
only a small part falls in the narrow gap material, Anderson has 
shownthat the curreat voltage characteristics can be obtained by 
considering that the current flow is by thermionic emission process 
cover a Schottky barrier. For this case the current is given by 


1-B exp (4y) [exp (Gre)-1] 45.3.2) 


where B is an appropriate constant and V, is the voltage drop i in the 
wide band gap material. i 
For large lattice mismatehand with one side heavy doping 
this model could not explain the experimental results. Kumar‘) has 
shown that for such cases diffusion model. is better suited. This 
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model predicts ohomic characteristics for certain conditions while 
rectifying for others but the former is rectifying always. However in 
the above model the interface states have not been considered. This 
calls for another model known as double Schottky diode model of 
Oldham and Milnes‘, In this the interface states are important 
and it is like two Schottky diodes connected back to back in series, 
each having its own saturation current. This requires double 
saturation which is not normally observed. A more general model 
proposed by Van Ruyven':» considers the individual semiconductors 
to have their own surface states and divides the structure as due to 
two Schottky diodes formed of each ‘semiconductor and its metal} 
surface, having as if a metal contact between surface states. 
Current flow is due to tunnelling of carriers, when it is given by 

I=I, exp [a(Va-Va) ] oo (15.3.8), 
where I, depends on the activation energy, on either side of the 
middle metal like surface between surface states and this metallic 
layer, A generalised model for isotype junctions is not yet proposed 
according to the knowledge of the author. 

In isotype heterojunctions Sharma Purohit has divided the[N-N 
junctions under four major groups and has given their current voltages 
relations. 

These are, 

Case 1. yi > Ya $ı > $a and (y, +E) < (pa + Ego) 

(a) Var <AE, and (b) Vai > AE, 
Case 2. yı >Y ¢i<ds and (y, + By.) < (pa + Eye) 
Case 3. p, < Ya $1 < $s and (y, +Eg1) > Ya 

(a) Va: > AE, and (b) Vas <AE. 

Case 4. yı >a, $1 > par (pıt E) > (p2 + Esa) 

In above E,, denotes the lower band gap. 

Similarly the P-P heterojunctions are divided with E,, used tog 
signify the lower of the band gaps as : 

Case l. y, > Yor. d1<dos (yi tE) < (ye + Eje) 

Case 2. yı > yor $i D $z (pı + Ep1) < (ya + Esa) 

Case 3. yi > Yas: a> pas (vit Foi) > (ya t+ Esa) > pı 
(@ Vas > AE, and (6) Vaz < AE, 

Case 4. yi < ya, 1< de» (p1 + E1) > ve 
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It would be an useful exercise to draw the energy band diagrams 
along the previously indicated lines. 


15.4 Graded Heterostructures 


There are many ternary and quarternary compound semiconduc- 
tors in which the variation of chemical composition causes variation 
of band gap. For example the band gap variation with composition 
of some of the materials are depicted in fig. (15.4.1). If composition 
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band gap variation of some ternary compounds with compo- 
direct to indirect transition composition is shown in the dia- 

gram. 


Fig. 15.4.1. The 
sition variation, 
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variation along distance is gradual enough, the band structure is 
closely related to the band structures of the component alloys. In 
cases, when the relative variation of E, is less than 5% in one hundred 
intetactomic distances, the local macropotentials can be treated as 
if due to non-varying composition, which varies gradually with 
distance. Hence the energy band diagram representing the macros- 
copic potential variations due to composition variation can be 
represented as shown. in fig, (15.4.2), where the conduction ané 
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Fig. 15.4.2. Shows the graded heterostructure band 
diagram with its different physical parameters, 
valence band edge energies E, and E, as also, y, the electron affinity 
[y= -4(V + Vn), where V is the electrostatic reference potential and 
for V, (ref, fig. 15.4.2)], are all. varying with position. Under 
equilibrium the Fermi level Ey (the electrochemical potential energy) 
has no gradient and the local concentrations can be expressed as 


p=N, exp - (Er — E,)/kT 
n=N, exp - (E, — Er)/kT 


where N, and N, are position dependent and are given by equations 
like (2.10.6) and (2.10.15) respectively. This implies m, and mp are 
position dependent. Hence the product 


np=n,* = N,N, exp (- E,/kT) -= (15.4.2) 


(15.4.1) 


. 
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varies as E, varies with position x. Further, the equilibrium Fermi 
energy level E; of intrinsic material of graded composttion is 
obtained by equating m,=p, from equation (15.4.1) and is, 
p, Eet Eos et tog Ne A (45.4.3) 
2 N, 
But here E; is position independent. 

Hence taking the gradient of both sides of equation (15.4.3) and 
writing the values of N, and N, from equations (2.10.6) and (2.10.15) 
in terms of effective masses we can write j 
d d n 
4. E+E) IT [eelo r) (15.4.4) 

This shows that band edge energy variations brings in fields 
given by equation (15.4.4). In 1957, H. Kroemer ‘°? showed theore- 
tically that a change of band gap produces internal quasi-electric 
fields, that are different for electrons and holes, proportional to the 
gradiant of the respective band edges. 


Under non-equilibrium condition, the so-called chemical poten- 
tial ¢,=E,—Ern determines the electron carrier concentrations 
while the non-equilibrium electrochemical potentials (imrefs) Era and 
Erp determine the electron and hole currents respectively by 


dEr, 
Tame n Ge 


d'Ers 

and Jp= up P ae (15.4.5) 
Considering that the electrons (or holes) at the conduction band edge 
(Valence band edge) experience electrostatic field due to space charge 
in the medium and there are quasi-clectric fields due to band edge 
tilts (band gradings) even under no space charge condition, it would 
be appropriate to view the total electron potential energy in general as 
additive. So the local E, or Ey can be expressed as (cf. fig. 15.4.2) 

E,=—-4 (Vn +V) 

E,= -4 (V»+ V) « (15.4.6) 
Further, the imrefs can be expressed as 

Ern =E, +kT log (n/N) 

Erp=Ev- kT log (IN) 1 (15.4.7) 
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In these two equations, the energies, potentials, concentrations and 
effective masses are all position dependent. 


Now, writing for the quasi-electric fields 


ô n ô y tee 
E,= apis and E,= Rigs (15.4.8) 
and the electrostatic field E= — x, s+ (15.4.86) 


the current expressions can be obtained from equations (15.4.5) with 
(15.4.6) and (15.4.7) as 
SET ig di 
I= Mung (E+E, - 2 T gy 8 ma) +Digge + (15.4.9) 
E A E IEI EAN 
and Js= pus q (E+E+ 2g dx 8 ms) Dy 94? (15.4.10) 
where D, and Dy has been assumed to be field independent and given 
by (u kT/q). As in uniform band gap semiconductor the current is 
composed of the diffusion current and drift. current. But here the 
drift current depends on the fields associated with the electrostatic 
potential variation, the quasi-electric field associated with the conduc- 
tion (Valance) band edge gradient and the carrier effective mass varia- 
tion. The sum total fields are known as pseudo-fields. 
The continuity equations can, as before, be written as 
P__1 iJo P-P 
ôt q ôx Ta 
an _ 1 8, _n=n, 
at 9 8x Gy . (15.4.11) 
The interface states that may be arising from elemental 
boundaries in the bulk due to composition variation are small in 
number and can be ignored when the composition variation is much 
less than 5%, in about a hundred lattice constants. Strictly speaking, 
life time is also a function of position. In the next article we assume 
it to be position independent and examine the effect of band grading 
on the concept of the so-called diffusion length. 


15.5 Minority Injection 


Using a P-N junction of graded band gap materials minority 
carrier holes can be injected and its level can be maintained by for- 
ward biasing the junction. If the recombination is small then as 
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before (cf. art. 4.3) the electron recombination replenishing current is 
not necessary. Under such circumstances the majority carrier elec- 
tron current can be equated to zero to obtain the electrostatic field 
which can be written using equation (15.4.8) as 


-4 kT $ si 
E= [Va + eT 108 (mn m| (15.5.1) 
Substituting this electrostatic field in the expression for minority hole 
‘Current equation (15.4.10), one obtains the hole current using equa- 


tion (15.4.7) as 
df E ni 

J= -p Dp ile +log noe s+ (15.5.2) 
where E, is the space dependent band gap energy and B,-E, 
= —4(Vn- Vo) = Eg = +9Vo 
‘Substituting, J, from equation (15.5.2) in the hole continuity equation 
in (15.4.11) we have, on simplification, ignoring the equilibrium hole 
«concentrations prior to injection, as 


6? d d 1 
gaT S Eo Ps m)+ gyf (Eo p, m) gg losp=ga (15.5.3) 


where f (E> P, m) =| [i+ log np|(mn ms)*}] oe (15.5.4) 


Tt can be shown that an approximate solution for /(E,, p, m) of the 
form 

f= £(c2x—A exp—x/c*Ly*) 
is possible if Lp can be regarded as a constant, when, the hole concen- 
tration is given by 

P= Do exp (+x/c* Ly") 
‘This requires defining an effective diffusion length as C*L,? ; that is, 


Luzy = Ly" | grad B,/24T {1 A TETEKI] 
SE S) 


Equation (15.5.5) shows that whether grad E, is positive or negative 
‘there are two possibilities of minority carrier distribution, For 
example, if grad E, is positive two situations can happen as for mino- 
rity carrier band edge tilt as shown here (for holes) in figs. (a) and 
4b). Minority injection at the end x=0 in fig. 15.5.1 (a) will bring a 
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normal diffusion opposed by valence band gradient while in fig. 15.5.1 
(4) normal diffusion would be aided by the valcnce band gradient. In 
the former there will be a decrease while in the latter an increase of” 
minority carriers with increasing x. If, say, in Ga,Al,_,. As the band 


take a x20 o 


Fig. 15.5.1. Shows the two possibilities of the diffusion parameter. 


gap changes due to composition variation from 1.45 eV to 1.75 eV in: 
0'3 microns and Lp~ 10-7? cm, then we have grad (oer) =~ 2x 10°/cm 


= l/L»=10?/cm. This shows the enormous dominance of band’. 
gradient over diffusion. 
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Problems 


1, 


Draw the energy band diagram for a P-type Si forming a junction 
with N-type Ga P. Use y, =4°0 eV, y, =43 eV Ey, =1'1 eV, Ep; 

= 2:25 eV, ¢.=4°6. Find the conduction band and valence band 

energy steps. Group this according to the division mentioned in 

the text. 

Ans. Eg=0'3 eV By =1°45.eV. Case (2) P-N. 

Draw the energy band diagram for P-type AlSb forming a junc- 
tion with N-GaSb. Use y,=4'10eV, ya = 3'7 eV, p1=43 eV, oe 

= 5'1 eV, Ey, =0"7 eV and for AlSb Eg, = 16 eV- 


Chapter 16 
PHOTO DETECTORS 


In this chapter we study the optical signal detection devices. 

“The information carrier is EM radiation. The photon energy E=hf 

associated with the EM rediation excites charge carriers in detectors. 

The movement of those carriers inside the detector induces a current 

in the external circuit, We normally refer to the detection wavelength. 

The optical frequency ranges of interest, their corresponding wave- 
lengths and associated photon energies are shown in Table (16.1). 


Table 16.1 


Range Wavelength in Frequency in Hz Photon energy 
microns in electron volts 


Infra-red  200—0'7 1°5 x 10*°0°43 x 1025 6*2 x 10-81-77 
‘Visible 07—04 (0:43—0:75) x 1025 1:77—3'1 
‘Ultra-violet 0-4—0°002 0°75 x 10*°_1°5x10*7 3*1620, 
(20A) 
eee 


There are two basic principles of detection. These are the video 
-detection and heterodyne detection while photodetectors respond 
to the intensity of radiation incident on it, The Optical signal is 
normally on-off type or amplitude modulated. In video detection, the 
detector gives a signal frequency component of current the peak 
value of which in proportional to twice the product of carrier power 
and modulation index. In heterodyne detection, on the other hand, 
the received optical signal is added with a strong local signal, of a 
frequency, higher than the received signal frequency by the inter- 
mediate frequency (IF). This then being incident on the detector 
gives a current at the IF that is approximately proportional to the 
iproduct of the square root of the local oscillator signal power and 
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the received signal power ( /P,Pr), which contains the information. 
Heterodyne detection is most useful for the infra-red region because 
of the availability of strong monochromatic local oscillator lasers. 


The photodetector response can be described by the respon- 
sivity (or sensitivity). This depends on the wavelength response 
as also on the speed of response of the detector. It is defined by 
the ratio of rms value of current or voltage at the detector output 
to the rms value of monochromatic optical power incident on the- 
detector, In the detector one needs to know the minimum 
detectable power of the signal in presence of noise. The detector 
frequency response and transit time delay are also important. A 
figure of .merit called the noise equivalent power (NEP) is used 
frequently, This is, the rms value of the sinusoidally modulated 
optical radiation incident on the photodetector that gives rise to an 
rms signal equal to the noise voltage output of the detector. Another 
important figure of merit used for infra-red detector is called the 
detectivity. This is defined as D*=(A Af)*/*/(NEP) where A is 
the photodetector useful area and A f the associated bandwidth. To 
avoid ambiguity symbols like D* (2, f, 1) or D* (T; f, 1) are used, to 
state the carrier source 4, or reference temperature T in degree 
Kelvin (if the source is characterised as black body). The modulation 
frequency is f, the reference bandwidth for performance comparison 
being taken as 1 Hz. 

There are four types of important detectors, These are : (1) The 
photo-emitter type, (2) the photoconductor, (3) the photodiode and 
(4) the avalanche photodiode (APD) detectors. Recently the 
heterojunctions with different techniques and constructional features. 
have made further improvement in detector performance in sensitivity 
and wavelength range. 


16.1 Photoemissive Detectors 
These are of three types, the Vacuum photodiodes, the photo- 
multipliers and the gas-filled photo-tubes. In all these devices light 
detection is achieved by photoexcitation of electrons over the surface 
barrier of a photo cathode, In gas-filled tubes gas at about 0°1 torr 
is enclosed in a chamber containing the photoemissive cathode. 
Light admitted through glass or quartz window excites electrons from 
the cathode that are led to the anode at which a large positive: 
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voltage is applied. The moving electrons ionise the gas inside. The 
current flows through a load resistor that gives the detected signal. 
The slowly moving ions restrict the frequency range of these 
detectors below 10 KHz. 

Photomultipliers also use photoemissive material, Since their 
invention photomultipliers have been developed to great perfection. 
These are usable for ultra-violet, visible and near infra-red regions of 
the spectrum, It consists of a photocathode (C) coated with 


“ photoemitting material and a number of electrodes called dynodes, 


ewhich are lebelled 1 through 10 as in fig. (16.1.1) The dynode 
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Fig. 16.1.1. Photo-multiplier with semitransparent photo- 
cathode, focusing system, cathode (C), Anode (A) and 
dynodes as numbered. 


potentials are made progressively higher with respect to the cathode. 
The potential difference between consecutive dynodes being about 
100 volts. The last electrode (A) is called the anode. ‘The whole 
electrode system is placed inside a vacuum envelope, The optical 
ux incident on the Photocathode causes electron: emission from. it, 
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The electrons are subjected to electrostatic focussing by the focussing 
enclosure as shown in the figure. The electrons are accelerated due 
to the potential difference between the electrodes, The accelerated 
electrons incident on dynodes cause secondary electron emission. 
This causes multiplication of electrons at each dynode. The repeated 
multiplication causes amplification of the initial cathode emitted 
current by a large factor. Finally these electrons are collected by 
the anode. Assuming, the average secondary emission phenomena 
producing a multiplication by M at each dynode and that there are 
-n dynodes, the cathode emitted primary electrons get multiplied by a 
factor G=M", for typical values n=8 to 10 and M=4 to 5; G~ 10°. 
The are two types of photocathodes: (1) the semitransparent 
one, which is a thin film of photoemissive material deposited 
on a transparent substrate and (2) the reflection type, that uses 
‘thick films of photoemissive material on conducting substrates. The 
time needed for emission is sufficiently small so that the photo- 
emission current can follow the modulation frequencies even far 
into the microwave region. An optical power P corresponds to 
4P/hf) quantas incident per second. If, on the average, each incident 
quanta produces » charge carriers, the photo-emitted rms current in 
video detection for modulation index m is* 
La= J2m nq P/hf s+ (16,1.1) 
The factor n is called the quantum efficiency. Most conven- 
‘tional photo-emitters are covered with a monolayer of cesium which 
lowers the electron affinity, that in turn leads to higher quantum 
efficiency. This extends! the cathode photo-response towards longer 


wavelengths. 

Another important parameter of the photo-emitters is the 
dark current i, that arises from random thermal excitation of 
electrons, excitation by cosmic ray or by unchecked radio-active 


bombardment. 


* In video detection i(f)<[E,(1+m cos w.t))* while the average photocurrent 


Pan 
is proportional to the average power P, hence i= R that occurs at m=0 also. 


Hence the constant of proportionality can be eliminated and tho signal ‘current 
with gain G can be written as i (8)=G.2 mi COS wnt and is 


ii “Fr Qm cos umt) 
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Photocathodes for different wavelength Tanges are obtainable 
with emitter compositions like GaAs—Cs,O between 0°4 micron 
to 0'9 micron with »~0'15, In A8o-3; Po.s;—Cs,O with 1~0°02 
at 1°06 microns and 0°15 at 0.7 micorns (cf. ref. 1). The dark 
current in the former is of the order of 10-2° amp per sq. cm. and in 
the latter 10-13 amp per sq. cm. at 23°C. The dark current is given. 
by Richardson equation I= AT? exp (—¢/kT) where œ is the work 
function of the coating material. The long wavelength frequency 
limit is determined by the cathode material work function. It is 
apparent that the emitting material also determines the response. 
sensitivity, 

The noise contributions in photo-multipliers are : 


1. The cathode shot noise that arises from the random 
emission process, The mean Square value of the shot noise current 
can be written in terms of the emitted mean current 1J arising out 
of incident mean power as* 


i741 = 2G"q (I+ ia). Af s ° (16.1.2) 
‘where ig is the dark current. 


2. The Johnson noise that arises from the load conductance 
Gr of the Photomultiplier which includes the amplifier input 
following the photomultiplier. The mean Square noise current due 
to this cause j2,,=4kT Gr, Af ve (16.1.3) 


3. The dynode shot noise that arises due to randomness of 
the secondary emission Process. It does not experience full gain 
of the photomultiplier, hence is small and can be ignored. Consider- 
ing the above, the signal to noise power ratio of the photomultiplier 
detector can be written as 

(SIN) = (G° Ip,.2)((ing? +i,3) (16.1.4) 

In the case of video detection, if the signal power is low 

enough even for m= 1, the noise due to dark current predominates 


Y If F(u) is the Fourier transform of each random event 3 the average power 
per unit bandwidth is given by2N_ |F (w)|*, where N is the average number of 
events per second, This is Known as Carson's theorem, This gives the mean 
Square current dye to shot noise as 

nagl af 
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and the minimum detectable power (provided the Johnson noise is 
kept low enough) is obtained by equating the signal to noise ratio 
to unity as 


Prin = (hf Jig Afla va) + (16.1.5) 


In heterodyne detection the major cathode shot noise arises 
from the local oscillator power since the d.c. cathode current 
(cf. Art. 16.2) due to local oscillator signal field is large. Hence the 
output shot noise mean square current is 

ing = 2 G*qlia+ (Pr an/hf)] Af ss  (16,1.6) 
where Py, is the local oscillator power. As the local oscillator 
power is increased, all other noise contributions are dwarfed by the 
local oscillator power contributed shot noise. Under this condition, 
since S/N = [2G? PsPr (qn/Af)*] Iin,” + ing”) One has, 

(S/N) =P, nlf Af rr)» (1641.7) 


where Ps is the incoming signal power. 
The minimum detectable power is obtained by equating the signal 
to noise ratio to unity as 
Pmin = (hfAF/n) + (16.1.8) 


This is called the ‘quantum limit’ of detection and is the power 
that is equivalent to one photon per unit bandwidth i.e, within one 
unit of system resolution time. For f=1 Hz this is of the order of 
10-*° watt. This limit is achievable in heterodyne mode of detection 
using photomultipliers. The speed of response is determined by the 
transit time dispersion of electrons between dynodes, the capacitance 
and output circuit transit time. The bandwidth becomes propor- 
tional to the dynode voltage, inversely proportional to their spacing 
and square root of their number. Improved dynode structures with 
bandwidths in the GHz range are also obtainable. 

In vacuum photodiode, electrons emitted from a photo cathode 
into vacuum are collected by anodeto produce a signal current through 
a load resistor. These are normally used for intense laser beams, 
These have been used upto 10 GHz by mounting in MW circuits with 
(transit time minimising) rather high anode voltages. Specially 
designed co-axial photodiodes can detect over the frequency range 
from 1°5—51 GHz. For weak signals sensitivity limitation is over- 
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come by coupling the electron beam to a high Q cavity of a photo- 
klystron, when it becomes useful for narrow bandwidths. Shophisti- 
cated helical slow wave structures have been used in the frequency 
band from 10—20 GHz range. 


16.2 Photoconductive Detector 


A photoconductor detector is a piece of semiconductor bulk or 
a thin film between two ohmic. contacts, When it is irradiated 
with light, there may be band to band transition producing hole 
electron pairs or there can be transition between bands and energy 
levels in the forbidden gap, that may have been incorporated for 
this purpose. In ‘either case the sample conductivity increases, 
since the number of mobile carriers increases due to illumination, 
The former type is called the intrinsic photoconductor while the 
latter is extrinsic. A bias voltage transforms light induced conduc- 
tivity modulation into current modulation in a load. The long 
wavelength limit is determined by the minimum energy gap through 
which carrier transition occurs and is given by hf,=gV,, where fs 
is the cut-off frequency. The wavelength in microns is given by 


do= (1°242/Vo) ao, (16.2.1) 


where V, is the energy gap voltage in volts. Photons having 
higher energies are absorbed. In extrinsic photoconductors, impu- 
tities either deep or shallow, are incorporated within the band gap. 
Here the transition between the impurity level and band edges 
becomes useful. For longer wavelengths lower ionisation energy 
impurities are used, such as Cu in Ge. These act as acceptor 
with ionisation energy E;= 0-04 ev. This Corresponds to a cut-off 
4e= 32 microns. At room temperature range the free particle energy 
being (3KT/2)= 36 mev, the photoconductor is cooled to avoid ther- 
mal excitation. Similarly In is a deep impurity in Si and at 77°K 
or less and is good for the 3 to 5 micron Tange detection. Deep 
impurities like Au, Zn, S, In and the shallow ones like B, Al, As, 
Sb have been largely used to cover the Tange from a few microns 
to about 30 microns, 


The performance of the intrinsic photoconductor depends on 
the material through ‘its absorption coefficients at different wave- 
lengths,” The absorption co-efficients a (4), for some common 
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materials are presented in fig. (16.21): The absorption implies 
that the fractional decrease of photon flux N fora. penetration o 
an elemental depth can be expressed as J 


(16.2.2) 


Fig. 16.2.1. Absorption co-efficient vrs. 
à in microns for. some common semi- 
conductor. 


This) implies that the photon flux decreases following an exponential 
law such as 3 
N=N, exp (+ax) «= (16.2.3) 


For high quantum efficiency, the photoconductor thickness in the 
direction of incident light should be at least (2°3/a) for 90% of the 
light to get absorbed. 

Though the generation of both holes and electrons occur due to 
optical excitation, one type of carrier may be trapped or made ineffec- 
tive in impurity or defect states as in CdS, CdSe or as it occurs in 
extrinsic semiconductors, For a semiconductor in wiih one carrier 
conductivity change is dominant, a photon generated in number of 
carriers appears. as nTo, before ‘it recombines since PH Or dhe 
rate g =5/To, To being the carrier life time. The num 
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these carriers flow per second is (1/t,), where the transit time t, = 
L/pE=L?/uV, L being the semiconductor length and V the applied 
voltage. Hence the conductivity change appears to have increased by 
the factor T,/t,. This is precisely the number of times the carriers 
make passes. This gain is referred to as quantum gain or current gain, 
which can be as high as 10°. The current gain of the photoconduc- 
tor increases with bias voltage which decreases ¢,, until any of the 
events like carrier velocity saturation, space charge limited current 
flow, exhaustion of the ohmic contact source or breakdown occurs. 


In intrinsic photoconductors at low frequencies the light in- 
duced current is given by 


T) (16.2.4) 


PIT 

I-i (eps ton 
where P is the total optical power absorbed in the photoconductor, 
tyn and tyy, nn and np are the transit times and quantum efficiencies. 
of the electrons and holes respectively. In the intrinsic photocon- 
ductors both electrons and holes remain mobile and contribute to 
conductivity. The sample having low initial conductivity and space”, 
charge neutrality requiring the excess concentrations of both type of 
carriers at each point to follow each other, the life time becomes same 
for both types of carriers, The current expression (16.2.4) may lead} 
one to expect higher sensitivity with intrinsic photodetectors. But 
as long as neutrality is maintained at higher light levels (since genera- 
tion recombination noise is appreciable), both types of carriers flow 
with a common mobility (ambipolary mobility) towards the same 
contact in pairs, thus limiting the Sensitivity. On the other hand for 
unequal hole and electron densities i.e. in doped semiconductors and 
for low light intensities) the ambipolar mobility reduces to the mino- 
rity carrier mobility. Thus Providing an one-carrier dominance in 
photoconductivity and the current gain saturates. Application of 
high voltage sweeps out the minority carriers with increased current 
gain and high speed response is obtained. To combat the decrease 
in current gain trapping centres are introduced that immobilise one 
type of Carrier or one contact is made blocking inhibiting the flow of 
one carrier type as the holes in the emitter of an N+-N-P-N transis- 


tor. Thus essentially high current gain is obtained with only one 
type of mobile carriers. 
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In heterodyne detection the photogenerated signal current can 
be written* as 


A g Pi T, eh 
Islo)= W2 t, Jta 1! (16,2.5) 


where A is the photoconductor area and P,=2 /P,Pr, P, and Pr 

being the received signal and local oscillator signal powers incident 

per unit area. Hence the available power at a matched load (cf. fig. 
16.2.2) at high frequencies (wT, > 1)is 

2 

Po = (jean) /sG: (16.2.6) 

As for the noise mechanism in a photoconductor, the carrier 

generation is a hit and mis process, in addition; the recombination 

characterising life time T is a statistical quantity**, These conside- 

rations give a mean square generation recombination current in a 


Af band width*** as i 
i?, 4 I oo b 
F,,=S(o)Af= any (16.2.7) 

For the Johnson noise on the other hand the mean square current sf 

ina =4KT,GLAf q . (16.2.8) 


Ee aT A 
*The local oscillator and optical signal field summed is, V(t)= a 
‘(E, exp j w,t+Ex exp j (w,+e) i], which on detection sives i (=C V o ye 
=C(Er" +E,” +2 ELE, cos wt), The mean d.c. current is obtained from : E k | 
+E,*), which can be written, for area A assuming P stands for power pe 
area, as A[(P,+PL) 19 Tol/(t, hf), 


2 NP, Pi k 
Hence i(t)=A if F > [P.+PL+ IoT cos wt], where frequency, depen: 


dance of current due to life time is taken into account, 

**The life time is a statistical quantity, in that, it is a amean value, of 
a distribution of events in time, while the total probability ofits saat is unity. 
Hence this probability can be expressed as (+) =[exP (-1/T)I/T such thai 


| ¢@)dt=1. 
i i ` this timo 
***During the lifetime i(t)=qy/L while on either selenite Bre 
domain i(t)=0. This has a fourier transform I (u, To). Hence = 
Ñ oc- 
value is PGT -|o |10 T) |° aE) aT =2 GTM eT. The P 
; S (u) =2X]; To)" where N is 


per second per unit volume. But the 
+Pr)|(hf t-). hence the result. 


‘tral density function from Carson‘s theorem 
the average number of carriers generated z 
averags curreatis I=A__NgTolt=A47 T, (P, 
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where T, is the equivalent noise temperature of the diode conduc- 
tance G, and load conductance Gr. At low frequencies there is 
current dependent (1//) noise due to surface and contact imperfec- 
tions which is ignored in the present discussion. Fig. (16.2.2) shows- 


Fig. 16.2.2. Equivalent circuit of a 
photo-conductive detector. 


the diode equivalent circuit with matched load and the noise and’ 
signal current generators. The capacitance C stands for the total 
terminal capacitor including the amplifier input. From equations. 
(16.2.5), (16.2.7) and (16.2.8) the signal to noise power ratio for photo- 
conductive detector can be written using 
l OP, =(P,+Pr) and P, = mP, as 
a 

SIN- Sgir zefi E E E toT) Gul] = (1629 
When the generation recombination noise is large (S/N) ~ (P,nA/2hf 
x Af), The minimum detectable signal under this condition is obtained 
by equating (S/N) =1 as P, min=(2hf Af/n). This is twice the photo- 
multiplier heterodyne detection limit, but n in semiconductors is of 
the order of unity while in photomultiplier it is ~0°3. Measurement. 
of NEP shows that high sensitivity approaching the quantum noise 
limit can be reached over wide IF bandwidths with Ge : Cu(Sb),. 
photoconductive detectors at 4°2°K (c.f. ref. 1). Fig. (16.2.2) shows 
that the detector bandwidth is determined ultimately by the time 
constant (Req C), where Req=(1/G, + Gr), since transit time limita- 
tion can be avoided by decreasing the length L and increasing bias 
voltage V. By calculating the load current it can be easily seen that 
the current gain bandwidth product is given by (1/2 x t,). 


16.3 Photodiodes 


Solid state photodiodes essentially consist of a reverse biased 
P-N ‘junction, a P-I-N, a metal semiconductor junction or a 
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heterojunction diode, In the depletion region of these diodes the 
electric field is high, In these diodes absorbed photons excite electron- 
hole pairs through band to band transition. Electron-hole pairs are 
generated in or near the depletion region, The minority carrier flow 
is such that, electrons flow to the N-side while the holes to the P-side 
(cf. fig. 16.3.1). The depletion region field assists their flow. The 
minority carriers excited within a few diffusion lengths within the 
bulk, on either side of the depletion region, gets diffused to the 
junction edge. These are then assisted by the drift field and get 
collected on the respective sides where they are majority carriers. 
This gives the photo current in junction diodes, The d.c, current 
voltage characteristic can be given by the equation 


I=In-Ipfexp (-g7|kT) -1] vee (16,341) 


= 
X=W 7w 


Fig. 16.3.1. Shows the N-P junction under reverse. bias with the generated 
carrier flow directions. 


where the voltage v is the applied reverse bias voltage less the 
voltage drop in the-load, through which the reverse bias is applied.. 


A few typical diode constructions are shown in fig. (16.3.2) 


As in photoconductor, the wevelength response is determined 


by the absorption coefficient as & function of a of the diode material 
and the carrier collection, The carrier collection is determined by 
the depth of the P-N junction, minority carrier diffusion length and 
surface recombination velocity. The long wavelength BE a 
determined by the forbidden gap of the semiconductor. re re 
wavelength range the absorption coefficient ganas ox : 

energy photons are mostly absorbed within the semicon uctor very 
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near the surface of incidence of the light. So the short wavelength 
cut-off is influenced by the collection of the minority» carriers 
(generated just within the surface) at the remote electrodes. This 
means that the minority carrier surface recombination velocity 
needs to be small. Additionally the collection can be improved by 
the application of large reverse bias (less than junction breakdown 
voltage) that gives large depletion region extending to very near the 
surface. This makes faster transit of carriers through the depletion 
region, due to increase of depletion region field, resulting in lesser 
recombinations in the collection process. Ifthe depletion region is 
too wide, this may impair the frequency performance due to increased 
transit time through this region. The depletion region should not 
be too thin either, because in that case the depletion capacitance 
will give a large passive RC time constant of the diode, resulting 
in a low external cut-off frequency. 

P-I-N Photodiode : 


A typical P-I-N diode construction is shown in fig. (16.3.2a). 
In this diode in intrinsic (v) region thickness and doping can be 
suitably chosen to have optimum frequency response and sensitivity. 
Under reverse bias conditions the field in the intrinsic region is 
such that, the carriers move through this region with saturated drift 
velocity v, If the non-depleted front N-region thickness is ignored 
(cf. fig. 16.3.1) and a photon flux N, (number of photons/cm?/sec) is 
assumed incident on the intrinsic region boundary, the total drift 
current due to the generated carriers in the intrinsic region thickness, 
W, can be written using equations (16.2.2) and (16.2.3) as 


ILir= Aqn | ¥ No a7"? dx=Agn No(1 =e”) 
te (16.3.2) 


where y is the quantum efficiency i.e., the number of eres 
carriers per photon. The minority carriers generated in the P-bu 

of the diode diffuse through the bulk, to reach i-region boundary. 
The bulk thickness is more than a few diffusion. length which acts 
as the substrate. The thickness of the substrate being large, the 
carrier distribution is exponential. The minority cartier electron 
concentration at'x= W. is zero, since the diode is reverse biased and 
at x= ©, it is np the thermal equilibrium value, Hence the minority 
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carrier concentration in the P bulk, beyond the depletion boundary 
(x =W) can be written as 
n=np— [np + C exp (— aW)] exp (W-x)/Ln+ C exp ( + ax) 
ee god (16:3:3)} 
where C is a constant required to satisfy the continuity equation 
for minority carriers, with diffusion, generation and recombination 
only, which can be written with n= (n— np) as 


IEN 


2 
D. Ga +a No aeng e. (16.3.4) 


The constant C will be found to be 

EN nNo a Ln?) 

D,(1= a Ln? 
Ignoring the thermal generation and recombination, which for the 
wide body is (q ny D,)/L,, the diffused optically generated current 
reaching the depletion boundary at W, obtained from AD,, a(n SAN 
with equations (16.3.3) and (16.3.5) as 
Ln 

Tate AG’ Nop exp (—aW)) s+ (16.3.6) 
Hence the photogenerated d.c. current under constant level of 
illuminations is obtained from (16.3.2) and (16.3,6) as 


I= AN, an [1 2 op (2 ] (16.3.7) 


Note that the total photocurrent is proportional to the incident 
Photon density. For higher external quantum efficiency defined by 
Neat =(I, n/N, Aq), it is desirable to have aW > 1 (higher absorption) 
and aL, > 1 (higher generation compared to recombination), For 
longer wavelengths to satisfy aW > 1, one may require large W with. 
the associated penalty of greater transit time delay, 

To examine the transit time effect, we assume (for simplicity) 
that, the optical photon density is varying with time in the form 
No €Xp jot and that, all the Photons ate absorbed at the depletion 
boundary at x=0. This causes generation of Non a exp (jut) 
number of hole’ electron pairs per second on this surface, where- 
form one species travels with saturated velocity v, through the 
intrinsic region, Assming no recombination, these carriers reach. 
at x when’a time (x/v,) has elapsed. That is, the carriers that were: 


w+ (16.3.5) 
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generated on the x=0 plane at time (t—x/v,) reaches x at time t.. 

So the conduction current density as a function of x is 
H(x)=Noan ay; exp jo (t- xlv.) (16.3.8), 

Hence the total conduction current due to all carriers, in the intrinsic- 


region at time ¢ is 
w 
J;=No Inat f espo EU dx 
o 


=No qn avs [se et baticd art (16.39 


where t, =(W/v,), the transit time through the intrinsic region. The 
expression within the square brackets in equation (16.3.9) above 
has the form [sin wt,/2]/ (ot,/2), which is maximum when tr=0 and 
has the first zero when wt, = 2» while the phase lags linearly as (wt,/2) 
radians, When wt,=2°4 radians the magnitude of this factor falls by’ 
3db and the phase lags by about (2n/5)- 

m of the conduction current and’ 


The total current is the sui 
the displacement current while the displacement current depends on 


the junction voltage change. Hence ignoring the series resistance,. 
the short circuit current density is given by equation (16.3.9). 
This expression shows that the transit time reduces the photoresponse 
and produces dispersion of the signal, Whereas aW > 1 for more 
absorption and aL,>1 for better collection is necessary. A 
reasonable trade off value of W=1/a is used. This gives for P-I-N) 
diode a 3db bandwidth as 


tee: Lee 0:4 y /W=04 aP 


(16.3.10)» 
P-N Junction Diode : 


For a P-N junction photodiode on the other hand, the depletion 
no built-in field in the bulk 


region is thin. Assuming that there is 

to assist the collection of carriers, the total transit time for the 
minority carriers is mainly due to diffusion in the bulk. High 
intensity caused bulk generation would be highest on the illuminated’ 
énd. If this is N-type, then the diffusion process determined cut- 


off frequency is given from equation (7.3.3) by 


faa Z Bh = 040" Dp (163.11) 
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where W is width of the n-type bulk on the illuminated end. 
Dn > Dp, therefore a P-N diode is better than an N-P diode in this 
Tespect (cf. fig. 16.3.2b). 

` Two extreme cases, the P-I-N diode, in which the carriers are 
collected mainly due to drift and the P-N diode in which the transit 
is mainly due to diffusion has been considered above. For the 
intermediate ones, in which. there is doping gradient such as 
N*-N-P-P* the cut-off frequency lies between these two limits, 


That is, O-4e v; > f, > 0'4? Dy -= (16.3.12) 


This is the intrinsic cut-off frequency as determined by the carrier 
transport mechanism. This does not take account of the extrinsic 
elements such as the junction plus header capacitance and bulk plus 
Contact series resistances, Normally it is these extrinsic elements 
that put the limit on the frequency performance. 

Point Contact Diode : 


In this respect, the point contact photodiodes have smallest 
Capacitance. The active area Icf. fig. 16.3.2(c)] being a small volume 
“around the contact point, it has lower drift time that gives high 
intrinsic cut-off frequency. Matched with its lower Capacitance, it 
is suitable for very high modulation frequencies. But the degree of 
‘Success in focusing the optical radiation upon the contact point 
determines the external quantum efficiency, 

Metal-Semiconductor Diode : 

A metal semiconductor Photodiode is a reverse biased Schottky 
‘barrier diode. The optical signal is incident on the metal electrode 
of thickness less than 100A, Practically that eleminates absorption 
losses in the metal film, An antireflection coating [cf, fig. 16.3.2(d)] 
is always used to minimise large reflection losses from the metal 
surface, These diodes can be used in either electron emission mode 
or as a normal Photodiode or as an avalanche photodiode depending 
on the excitation wavelength and applied reverse bias. 


In electron emissiom mode, the photon energy should lie 
‘between gon and By. So that the light incident on the metal causes 
‘electron emission over the barrier $y, to the semiconductor. The 
teverse bias voltage should be lower than the junction breakdown 
voltage. This causes metal emitted electrons to be collected by the 
‘semiconductor beyond the depletion region where these are majority 
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carriers, This method of excitation is extensively used in the 
determination of ġġ» and in the study of hot electron transport 
through metal films. 

To use a metal-semiconductor diode as a normal photodiode,. 
the photon energy should be higher than the semiconductor band gap 
while the reverse bias is kept below the junction breakdown voltage. 
The holes and electrons are excited, mostly in the depletion region of 
the Schottky barriers. The carrier flow is assisted by the strong 
Field in the depletion region. Hence the diode external quantum 
efficiency and speed are comparable to P-I-N diodes. 


To use the metal-semiconductor diode as an avalanche photo- 
diode, the photon energy is above the band gap energy usually while 
the applied reverse bias is a little less than the junction breakdown 
voltage. This gives. high current multiplication and improves the 
external quantum efficiency appreciably. Used with well-designed 
guard ring as shown in fig. 16.3 2(d), increased speed of response is 
obtained due to avalanche multiplication of carriers in the central 
depletion region. 


Sigaal to Noise Ratio : 


The photodiode equivalent circuit is shown in fig. (16.3.3). It 
consists of the photo-generated current generator I, (w) feeding the 


Fig. 16.3.3. Shows the photodiode equivalent circuit inclu- 
ding the noise sources. 


junction plus header capacitance C. The reverse biased a.c resistance 
being high is ignored while R is the series resistance due to the bulk 
and contact. The noise sources, discussed below, are also shown in 
this figure. 
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Assuming that the photo-generated carriers are Swept out by 
„the depletion region field before they can recombine, the photodiode 
Signal current can be written as 


‘ In () = Ang P3/ J2 hf ‘t (16,3.13) 

The signal current through the matched load R, assuming 2CR > 1 
“(which cannot normally be avoided), is [Ip (w)/2wCR]. So the avail- 
-able signal power is given by 


Pa = [Izr (w)/4u2C*R] 
-È (Ang Pilo CRA) =. (16.3.14) 


„Recombination being ignored, only. the generation originated shot 
Noise is present. The mean square shot noise can be written in terms 
of d.c current I= A gn, (P, +Pr)/hf as (24 1 Af), whose contribution 
-to output noise power is [R q I Af/2AwCR)?]. 

‘Assuming an equivalent temperature T, to account for the load, 
‘the Johnson noise mean Square current in matched load is 4KT, Af/R. 
‘Ignoring the contact resistance noise the SNR for the diode can be 
‘written as 


a [Aum? P, 8 KT. (wCR)? ry 
S/N ee Vit “e WCR ] (16.3.15) 


Comparing equations (16.2.6) and (16.3.14) itis seen that, the 
„ratio of the available powers of the photodiode and photoconductive 
detector is (t,/C R)? RG. For typical values t,=50 n sec, R= 
l-ohom, C=2 P/ and G = 2 x 10-3 mhos, it is ~10°. Hence the photo- 
diode available power is much larger than that of the photoconductor. 
Comapring the SNRS (for oT, > 1), it is seen that, for high level 
-detection i.e. when the average current is high, the Johnson noise 
Contribution is. small and the two SNRs are comparable. For low 
level detection i.e, when the average current is small, the Johnson 
noise predominates and the photodiode S N R is considerably higher 
than that of the photoconductor. For infrared detectors (the material 
used having low band gap), the diode reverse bias a.c resistance can- 
not be ignored and the €quivaleat resistance is to be considered parti- 
cularly for low excitation levels. 


The. photodiodes have found ample use in mixing of optical - 
signals at high intensity levels, Photoconductors however, have 
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been extensively used in the far infrared and lower modulation 
frequencies because of the non-availability of a cheaper substitute. 


16.4 Avalanche Photodicde 


Avalanche photodiodes (APDs), are junction diodes operated 
under high reverse bias voltages, less than the junction breakdown 
voltage Vər. High bias field causes carrier multiplication due to 
collision ionisation of primary electrons and holes generated by 
photo-excitation. Substantial current gains are achieved even at MW 
frequencies and high external quantum efficiencies are obtained. 
Current gain bandwidth product as high as 100 GHz with maximum 
current gains of 150 has been reported (cf. ref. 1), at low intensity 
levels. The realisation of high gain bandwidth product is possible 
provided, the radiation generated primary carriers mostly flow through 
the high field region in the shortest possible time. So the collision 
ionisation process needs to be confined in the carrier flow path alone. 
This is achieved by using suitable constructional features as shown in 
fig. (16.4.1) ; such that, spatial uniformity of carrier multiplication in 
the light sensitive area is obtained. The guard ring used in the 
diodes in this figure ensures elimination of ‘microplasmas’ that may 
occur, in small areas at lower breakdown voltages. The guard ring 
having a lower impurity gradient and larger radius of curvature than 
the central active region, the latter breaks down earlier. This also 
reduces leakage currents. If the junction intersects the surfaces at an 
angle as in fig. (b) a mesa or in (d) contoured surface, lower fields are 
obtained at the edges. Contoured surface junction occurring inside 
the medium minimises leakage currents. These contours can be fab- 
ricated by out-diffusion of dopant material. 


Current multiplication in the prebreakdown (Va < Vor) region 
of P-N junctions of Ge and Si is given by 


Mo=1/|1- ("| (16.4.1) 


where the value of m ranges for Si, between 1°5 to 4 and for Ge bet- 
ween 2°5to§. In reverse biased junctions there is leakage current as 
also unsuccessfully shielded radiation induced current. The total, in 
the absence of optical signal to be detected, is called dark current Ig. 
This also gets multiplied to Ima due to Collision ionisation along with 


| 
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The multiplication 


the optical signal generated carrier current Iph. 


to be measured is 


(16.4.2) 
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Phere al is the total output current in the event of multiplication, 

the optical signal on, Va the applied voltage and IR is the voltage 
Erop; in the dynamic resistance of the diode. The dynamic resistance 
arises from the carrier flow process, diode series resistance and load 
resistance. Equation (16.4.2) shows that, at high current levels the 
current gain saturates due to electric field lowering caused.lower- 
ing of multiplication. . For high signal levels 1> Ima and we have 
for V, near Vyr from equation (16.4.2) 


Mon = (I/1;h)= (Vor MIR) s+ (16.4.3) 
ie. I= JUG Vor/mR) - (16.4.4) 


That is the multiplied maximum output current obtainable varies as 
the square root of the photo-generated current. For low signal levels 
on the other hand, ne S Ia, but I= Mon. all In). 


which with Mpa = Vee 
gives I= (Vyr Ia/mR) (1 + Ion/2 Ta) 
hence FA = {Vem RD vs (16.4.5) 


Equation (16.4.5) shows that the maximum multiplication is 
lower for higher dark current at low signal levels. Cooling yields 
lower dark currents hence higher multiplication factor that is parti- 
cularly useful for diodes having high Vyr- 


Multiplication of carrier depends largely on the ionisation co- 
efficients of holes aud electrons, which are in turn field dependent 
(cf. ref. 2 and art. 12.1). In Ge ionisation coefficients for electrons are 
nearly equal to those of holes, in Si, and GaAs the ionisation coeffici- ` 
ents for electrons are higher* than those of holes. These differences in 
ionisation coefficients greatly influence the gain and noise performance 
of the APDs. The spatial and temporal build-up. of avalanche, due 
. to one-carrier type being dominant, is different from both the carrier 
types taking part equally in the multiplication process. For example, 
in a nearly constant field region avalanche, where one carrier type is 
producing more than the other per cm, say the dominant one is the 
electron carriers, An electron starts at t=0 and suffers a collision 


*S.M. Sze gives for GaAs the ionisation Coefficients as equal but noise 
Measurements indicate electrons have higher ionisation coefficients. 
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causing a pair generation a little ahead of x= W (cf. fig. 16.3.1) on 
its: transit through the'depletion region (towards the left). The hole 
Starts moving to’ the P-side while now ‘there are two electrons. 
These two. electrons in their turn produce’ two pairs of electrons and 
holes.: This goes’on until the electrons have reached x= 0 at time te, 
the electron transit /time, when the induced short circuit current is 
maximum. | The current thereafter falls until the last hole has Teached 
the opposite junction edge at time T=t,+T,. The current gain 
obtainable in a situation like this’is called unilateral gain which is 
Seen to be ‘independent, of excitation frequency upto a 3 db band 
width of (2:8/nT), In this case the multiplication gain takes the 

` form’ exp (aW) where a is the ionisation coefficient of the dominant 
earriér and is assumed ‘here to be field independent. For steady 
State excitation a large number of electrons are present within the 
junction, so the statistical fluctuations in ‘carrier generation is rela- 
tively weak. Low ‘excess noise’ is thus expected. 


For both types of carriér taking part in collision ionisation 
equally on the other hand, gives a feed-back mechanism, Secon- 
dary holes generated near x=0 move towards x=W to generate a 
new electron .near..a-location where the primary electron started 
the avalanche, Thus the current persists much longer than the 
transit times of holes plus that. of electrons, For equal ionisation 
rates for holes and electrons the multiplication gain takes the form 


M=[I/(b-a.W)]. - 


For aW. tending to one. i.e. on the average one-carrier pair pro- 
duced per passing carrier, gives very high gain. At any one ins- 
tant then, only a small number of carriers are present in the high 
field region. The feedback mechanism responsible for high gain is 
then easily disturbed due to statistical fluctuations in the ionisation 
coefficient. Hence larger current fluctuations are expected that is 


higher’ excess noise in this case is obtained. It is therefore seen 


that when one-carrier is dominant in avalanche multiplication the 


noise is much less ‘than’ when both the types of carriers are about 
equally active in pair generation. ° 


For ideal APD to have low noise a 


nd large gain up to high 
“modulation frequencies, 


one-ionising carrier type is necessary. The 
a.c. current multiplication gain is seen to be of 'the form (cf, ref. 1) 


am 


ne | 
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M(W)=M,/(1+ jo Mo Tea) where Ter is an effective time constant 
proportional to the average value of the time constant T. Therefore 
for practical Ge and Si diodes the current gain bandwidth product is 
limited to (1/2nTon). It can be easily visualised that for short pulse 
duration (Ty), the multiplied peak photo current I=I,,T9:/Tes- 
Therefore high current gain bandwidth product requires narrow multi- 
plication regions, that gives low Ter. In such cases materials like 
GaAs and In Sb with one-type ionising carrier give high current gains 
and low noise but are not limited by gain bandwidth product. While 
low noise silicon APD requires wide multiplication region for high 
gain, since for one-carrier ionisation it requires comparatively low 
field operation. This causes gain bandwidth product limitation due 
to increased transit time incurred in obtaining high gain. 


The equivalent circuit of the avalanche photodiode can be drawn 
as shown in fig. (16.4.2). In this figure Ip,(w) represents the photo- 


Fig. 16.4.2. Shows the equivalent circuit for APD with ` 
noise generator. 


generated current as a function of frequency which, ignoring the 
transit time effect can be expressed as in equation (16.3.13). The 
transit time effect being taken into account with current multiplica- 
tion. The current amplifier M represents the avalanche multiplica- 
tion of photodiode currents. This amplifier has frequency dependent 
characteristics. /j#, is the r m s shot noise current source. R is 


the dynamic resistance and Ry the load ‘including the input of the 
amplifier that follows the detector. 


_, The signal generated available power in the load, therefore can 
be written as 


- Tmi M? Re L 
Po- Trot C" Rat REV ia: 


o 
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The average power’ in the load due to shot noise can be written ia 
terms of the d.c current as y 
Paa =24 IM" Ro Afi[l+o2C*(Rs+Rr)*] + (16.4.7) 


where ifor two-carrier dominance in multiplication process n= 3 
while for, one-carrier,dominance in avalanche 2 < n < 4. 
The thermal noise power in the load can be written im terms of an 
equivalent temperature T, as i 

Pana =4 KT, Af/Ru +++ (16.4.8) 


Using equation (16.4.6) to (16.4.8) the signal to noise power ratio 
can be written as. : 


Ijs? M2 — 
ant A ERNEA T R e 
2glaf M'AR |l toC RFR: ) 
(16.4.9) 


When M= 1, the situation is identical to Tegular junction photodiode 
(cf. equation 16.3.15): For the APD equation (16.4.9) shows that 
as M increases the signal to noise power ratio improves until, at low 
level detection, the shot noisé tërm becomes comparable to the thermal 
noise term. Further increase in M causes a reduction in (S/N) ratio 
because the denominator grows faster than the numerator. IfM is 
assumed to be optimally adjustéd by adjusting the bias voltage, such 
that, the term due to: shot noise equals that due to thermal noise 
in the denominator of (16.4.9), then the minimum detectable power 
Obtained is a factor of M lower than that of the regular diodes. 
For Ge values of M~10 at I= 530 micro amp has been seen to give 
highest signal to noise ratio of Z0 db. At higher values of M the 
avalanche noise power increases faster than the output signal power 
in this material (cf. ref. 1). 


Schottky barrier diodes of N-type silicon with guard ring has 
very low leakage current. These can be essentially operated as one- 
carrier diode hence are useful for high sensitivity and low noise with 
high ‘gain bandwidth product. The small light sensitive junction 
areas of high speed regular photodiodes reguire precise focusing of 
the incoming signal. Silicon APD with high current gain and low ` 
excess noise are available for Wavelength ranges from 0°4 to 1 micron. 
Ge APDs have higher excess noise and higher leakage current. If 
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‘cooled these can be used upto 1°5 microns. When APDs are used 
for pulse detection, M should be optimised for highest acceptable 
pulse detection rates rather than for best S/N ratio. It is known 
that higher sensitivities can be reached in that case than the value 
S/N ratio approach gives (cf. ref. 1). 


16.5 Heterojunction Diodes 


In increasing the speed, sensitivity and the minimum detectable 
power in the near infrared to the near UV range (1°4 eV—3"1 eV), 
heterojunction detectors recently (cf. ref. 3) have proved to be quite 
promising. Using heterostructure diodes particularly using GaAs 
has shown possibilities of having a few orders of magnitude lower 
„dark current, even without the necessity of cooling for applications 
in the near infrared range. GaAs has higher band gap hence has 
higher reverse bias withstanding capabilities. In heterostructure 
diodes control of collection of photo-generated carriers and elimination 
of surfaee recombination is possible. The high energy photons 
incident on the surface are either not allowed to excite carriers very 
near the surface by using wider band gap material at the surface, or 
-the excited carriers are dragged inside faster than the carrier recom- 
bination velocity. This can be achieved with, a large built-in field 
using variable band gap material window, that cannot be obtained 
with doping gradient in Si or in Ge. 


The heterostructure diodes that have attracted attention are 
‘shown in fig. (16.5.1). Absence or a favourable presence of discon- 
tinuity in the P-N or N-P heterojunction energy bands ensures 
complete separation [ cf. fig. 16.5.1(a) ] of non-equilibrium carriers 
generated both in the wide gap and in the narrow gap material of 
‘the pair. This junction is usable in the photon energy range 
E,, < hf Z E,» such that, the photons having energies lower than 
E,., penetrate through the wide band gap window and excite electron 
hole pairs, well inside the junction region. Thus practically no 
recombination loss of excited’ carriers occurs on the illuminated 
surface, The total drift plus diffusion contributed minority current 
‘can be given approximately by equation (16.3.7) which indicates that, 
for efficient collection a LpS>1 is required. That’ is, light doping, 
which is expected to give less tampered’ hence comparatively larger 
Lp, is to be used for the narrow gap material. N-type GaAs substrate 
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Fig. 16.5.1. [Shows the heterojunction band diagrams illustrating the techniques: 
used in photodetectors, 
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with suitable Al content for P-type Al,Ga,_,As is to be used to 
obtain high spectral response Over larger band. Experimental 
aesults (ref. 3) show that only a lightly doped (Na~ 10**/cc) narrow 
gap region gives high minority carrier collection (next= 0°95) in the 
spectral region of 0°65 to 0°89 microns (1°4—1°9 ev). The thickness 
and doping of the N-GaAs should be proper (0°5S—1°0 micron), so 
that the optical absorption beyond the space charge layer at distances 
greater than a few diffusion lengths is avoided. 

As another example, the control of minority current through the 
conduction band discontinuity may be mentioned [ cf. fig. 16.5.1(b) ]. 
In this case the photon energy also lies in the range Eg, < hf < Epa. 


The current through the barrier is largely tunnel current. As 


Se a 


expected the photocurrent obtained shows a dependence of the 
form è : 
Ign Top exp [- B(Vo + Va) 1] (16.5.1) 
where g is as; given in equation (15.2.9). Equation (16.5.1) shows 
that the barrier AE, transparency is controllable by applied reverse 
bias. Experiment (cf, ref. 3) shows that the external quantum efficiency 
increases with applied reverse bias upto a certain extent. In this 
case low doping of the wide gap N-type material is seen to give best 
results, This example shows though a great majority of heterojunc- 
tions have non-zero band discontinuity suitable doping of the 
materials of certain junctions can give broad band spectral sensitive 
photodetectors, The bias dependent carrier separation built-in 
mechanism, enables bias dependent spectral sensitivity control over 
the whole of its spectral range. 

For increasing the speed of response and sensitivity the double 
heterostructure diodes: also hold some promise. As shown in fig. 
16.5.1(c) it consists of a, P-type GaAs sandwiched between a P-type 
Al,Ga,_,As and an N-type Al,Ga,-2As- Another diode [ cf. 
16.5.1(d) ] consists of a P-type Al.’Gas-2*As followed by a P-type 
AlgsGa,_,,As forming the junction with N-type Al,.Ga,-2,A8 
where x, >\x3 > Xa. Increase of molefraction x of aluminium in 
GaAs lattice increases the band gap of GaAs from 1°45 to 1°9 eV 
at x=0'4. For higher x the material becomes indirect gap having 
E,=2'2 eV at x=LeV. In the first one the wide band gap on the front 

[ surface allows the radiation, a ‘window, that enters to get absorbed 
{in"GaAs, The barrier at position-»=0,[ cf. fig. 16.5.1(c) ] causes the 
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electrons to get reflected into GaAs allowing their unidirectional 
flow to, the N-type Al,Ga,_,.As, This occurs to the extent. the 
barrier becomes transparent by applied reverse bias. The holes do 
not find any barrier hence they moye to the P-side. Photon energy 
in this case»may, range from E,,<hf <E,;. This eleminates. 
surface, recombination. and. causes separation giving controllable 
collection, . Experiment shows (cf., ref. 3) that light. absorbed. in the 
pit region gives largest,,photocurrent when the. pit: width is,.~20 
micron, „Jn „this , case, long 4 limit is seen to correspond to 
1:35 eV. -The second structure (fig. d) having a graded band gap 
offers a. window having, a built-in field, for the electron. carriers. 
different from that for the, holes.. These fields are determined by 
the slopes of, the respective band edges, If the mole fraction. ‘x’ of 
Alchanges from 0'4 to near zero in a distance of typically 0:3. 
micron, then a field greater than 10* V/cm is obtained. This causes. 
- the high energy photon-generated N-type carriers at the front surface 
to move out faster than their surface recombination velocity. This. 
improves the shortwave generated carrier collection. On the other 
hand carrier generation due to long 4 photons (corresponding ‘to 
1°45 eV), are absorbed well inside GaAs where the mole fraction x, = 0. 
In another version on the front surface a thin protective layer of 
Al,Ga,,As with x=09, that is transparent upto 3'1 eV (being 
indirect gap), has been used that extended the spectral range covering 
0°4 to 0'9 micron, Thus we see that the heterostructure diodes 
using GaAs have encouraging possibilities, particularly the leakage 
current being orders of magnitude small; electron mobility high, 
high breakdown that allows large bias application including isolation 
possibility on GaAs substrate, promises for high speed, high gain 
bandwidth product and high sensitivity. Low noise my also result. 
since higher electron ionisation coefficient is seen on noise measure- 
ments in GaAs diodes. 
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transistor 190 
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SOS 305 
Space charge growth 353, 378 
decay 379 
Space-charge-limited 150 
Storage phase 120 
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Surface potential and charges 269 
Surface recombination velocity 131 
Surface states in MOS 281 
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fo cies 
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effect 45, 61, 63, 234, 283 
‘Tetragonal 2 
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Transistor Junction 158 
JFET 225 
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Transit angle 322 

Transit time 112, 322, 353 
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Transport factor 104 
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Tunnel 125, 139 
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Turn off, on 206 

[U] 

Ultraviolet i 428 
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Wave equation 60 
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Work function 133 
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Xray diffraction 20 
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